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A chemical microbial process was developed for the treatment 
of various low-grade cellulosic wastes to increase their biodegrad 
ability, and. to use them as the substrate for growth of cellulo- 
lytic microorganisms to be harvested and used as high protein food 
The cellulosics were ground through a 1/8" screen and added 
to a 107. by weight NaOH solution that contained 4.45 ppm of an 
oxidation catalyst, CoCl^. The cellulosic was agitated in this 
solution at ambient temperature for from 10 to 45 min. Excess 
liquid was removed from the solids by passing the slurry through 
a solid-liquid separator. The solids were fed into a continuous 
belt, radiant oven where they were heated for from 2 to 10 minutes 
at temperatures of from 30° to 140°C. Heated air was blown over 
the cellulosic during passage through the oven.
In Vitro rumen fluid tests of cellulose digestibility of 
fifteen different cellulosics showed that a 1ka1ine-oxidation 
treatment resulted in an average cellulose digestibility increase 
of 857o. Degradation of treated and untreated sorgura bagasse by 
a pure culture of a Ce1lulomonas, sp. bacterium reflected the 
same cellulose digestibility increase.
X-ray diffraction studies of the cellulosics showed little 
apparent change in cellulose crystallInity immediately after 
treatment, but showed considerable crystalline breakdown in
treated samples left exposed to atr at ambient conditions for 
several weeks. The decree of polymerization of the cellulose In 
a cellulosic sample was decreased considerably by treatment, and 
the amount of water soluble carbohydrate was Increased. The In­
crease In biodegradabi1ity was felt to be due to a decrease in 
cellulose crysta11inity, a decrease In degree of polymerization, 
and removal and physical re-arrangement of the lignin present in 
the native cellulosic.
Either treated sugar-cane-bagasse or Solka Floe was intro­
duced into several fermenters at initial concentrations of from 
1.5 to 10.5 gms. carbohydrate/1 iter; inorganic salts and various 
growth promoting additives completed the media. Of twelve fer­
mentations, five were carried out by a pure culture of Cellulomonas 
sp. bacteria; the rest were mixed cultures which obtained their 
cellulolytic activity primarily from Ce 1 lulomonas. Ce1lulomonas 
cultures demonstrated a need for an initial concentration of 
soluble carbohydrate to prevent a prolonged lag growth phase, and 
would not develop a characteristic yellow color without a small 
initial amount of yeast extract in the media. Treated bagasse 
would produce all the soluble carbohydrate needed for initial 
culture growth, but pure cellulose (Solka Floe) had to be supple­
mented with some form of soluble carbohydrate.
Mass doubling times for pure cultures of Ce1lulomonas ranged 
from 2.1 to 16 hours with all but one being in the 2.1 to 5 hour 
range. Fermentation efficiency ratios for pure cultures of 
Cellulomonas were 0.273 to 0.442 gms. ceils/gm. carbohydrate
x iv
metabolized and 0.62 to 0.69 gms. carbohydrate metabol ized/gm, 
carbohydrate' fed.
Ce 11ulomonas cells were harvested, lyo phili zed, analyzed chemi­
cally, and then fed to rats. The celLs contained 52.37,. of dry 
weight crude protein <Nx6.25), and had a good nutritional amino 
acid profile. The rat feeding study showed Celiulomonas cells 
to be non-toxic when fed in amounts up to 827. by weight of the 
diet, and to be superior to I1 s eud omonas s ingl e-cel 1-protein pro­
duced on hydrocarbons, but inferior to casein. Methionine was 
shown to be the limiting amino acid.
An economic analysis for a proposed plant producing 10,000 
tons/yr. Cellulomonas cells from sugar-cane-bagasse showed the 
product to be competitive with proteins from other sources, and 





Genera 1 Introduc tion
The dual purpose of this investigation was to develop a process 
for the chemical and physical treatment of cellulose containing 
wastes that would enhance their biodegradability, and to develop a 
microbial fermentation process that would use these treated cellu­
losics as substrates for the production of microbial single cell 
protein. Investigation in this area was prompted by tl>e increasing 
food needs of the world.
The scope of the world food problem up to the present has been 
limited mainly to the under-developed continents of Asia, Africa, 
and Latin and South America. These nations face a staggering food 
deficit prior to 1975. However, predictions show that the more de­
veloped nations will eventually face the same problems. F.A.O. 
estimates for nations such as Pakistan and India run well over 1O0X 
beyond current demands (1).
In particular the problem of protein deficiency has received 
much interest since high-quality protein is in such shortage in 
countries like India, Pakistan, and BraKil (2,3). Protein demand 
for the future largely follows the calory requirement predictions.
The protein problem, however, is further complicated by the protein 
quality factor. To be of usable metabolic quality protein must contain
I
2aLL of the amino acids necessary for growth, maintenance, and repro­
duction in a balance suitable for efficient use. This high-quality 
protein lias been supplied almost entirely by meat, milk, fish, eggs, 
and poultry. Present trends, however, show that population growth 
and increasing food demands will severely exceed protein supply from 
these sources. Better animal husbandry is certainly possible, es­
pecially in the under-developed countries, but that alone cannot 
cope with increasing requirements. Technology is faced then, with 
the problem of not only increasing the world protein supply by SOX 
in the next 20 years, but also producing protein of low cost, high 
quality, easy distribution, and high social acccptabi1ity.
Studies on the sources of protein show that protein production 
rates and efficiencies differ quite widely. Di f ferer co.~: in protein 
production rates were demonstrated by Thaysen (4) wit' he example 
that a 1,000 lb. bullock can synthesize 0.9 lbs. of protein every 
24 hrs., whereas 1,000 lbs. of soybeans synthesize 82 lbs. of pro­
tein in the same length of time, and 1,000 lbs. of yeast could pro­
duce over 50 tons of protein in 24 hours. The difference in the 
efficiency of protein production between, for example, the bullock 
and yeast growth is equally marked. If carbohydrate was fed to both 
the amount that would ultimately be formed into protein would be no 
higher than 57. in the bullock, but over 257„ in the yeast.
Such drastic differences in production rates and efficiencies 
have claimed the interest of many Investigators whose proposals have, 
in some way, been concerned with either shortening the protein
3production chain, or increasing the efficiency of one or more of the 
s teps.
The project reported here attempted to improve both efficiency 
and rate of protein production. The initial investigations vert 
directed towards increasing the digestion efficiency of a feedstuff 
for ruminant animals. The success of this phase led to the design 
of a microbial fermentation process that would bypass the ruminant 
animal entirely. The workability of the overall process depended 
on the attainment of two successfully integrated steps - chemical 
and microbial processing.
This project was one' of several under the direction of £>r.
C. D. Callihan concerned with new and more economical uses of cel­
lulose wastes. Others included studies of pyrolytic decomposition 
products of cellulosic wastes (5), soil stabilization by ceiluloslc 
additives (6,7), and cellulose-based ion-exchange resins (8).
Cellulose - Occurrence
Cellulose is by far the most widespread and readily available 
of all organic materials, comprising almost one third of all trees, 
vines, grasses, and plants. Unlike other resources such as oil and 
minerals cellulose is constantly replenishing itself by pbo>tc«yuthesis 
and growth. Vast quantities of this material accumulate as waste 
products from such activities cs food processing, lumbering, paper 
making, cereal grain harvesting, and sugar cane processing. Addi­
tionally municipal and industrial wastes of paper, rags, bona, wood, 
excelsior, grass, and leaves raise the available amount of waste 
cellulose bearing material to astronomical proportions.
4The ready availability of such a quantity of cellulose has been 
the Impetus for voluminous research Into novel and diverse methods 
of utilizing this material. Wallboard, door cores, and mulch have 
been made from cereal grain straws and sugar cane bagasse; chemical 
grade cellulose from cotton llnters and bast fibers; animal feed 
pellets from pea vines and other fibrous vegetable roughages; animal 
bedding from oat, rice, and wheat straw; furfural and brake shoes 
from sugar cane bagasse; various chemicals from corn cobs; and 
limitless other examples. Still much waste cellulose is dumped, 
buried, burned, or used as a fuel supplement thereby wasting or re­
taining only a fraction of its chemical energy or physical utility.
Cellulose is a major constituent of all woody plants, grasses, 
and vegetables. The few plants that have become industrially im­
portant for their cellulose - trees, cotton, flax, etc. - have been 
chosen, in most cases, for their physical rather than chemical 
natures. Most of the cellulose of cotrenercial interest today comes 
from the following five classes of cellulose bearing plants;
1. Wood - Wood cellulose is supplies by trunks (stems) 
and limbs (branches) of both hardwood and softwood 
trees. Hardwoods, such as oak and maple, generally 
have small, closely packed cells with thick, fibrous 
walls; whereas softwoods, such as pine or cedar, 
usually have large cells and thin cell walls. The 
composition of wood varies with species of tree, 
age, environmental history, and place of sampling. 
Generally wood is composed, on a dry basis, of
540-507o cellulose, 20-307. lignin, 10-30% hemi-cel lulose 
and other polysaccharides, and smaller fractions of 
various resins, gums, protein, and slneral compounds (9).
2. Seed Hairs - Seed hairs such as cotton fiber and cotton 
1 inters provide the most chemically pure form of cel­
lulose with only 4-127. of the material being non­
cellulose. While cotton and cotton linters are the 
most industrially important of the seed hairs, kapok 
and milkweed fibers have found same use in specialty 
applications.
3. Bast fibers - Flax, hemp, jute, and ramie have en­
joyed considerable economic success in rope, cordage, 
and fabric manufacture. Flax fibers, containing 
80-907,, cellulose are used in linen manufacture 
Fibers from the various hemp producing plants are 
used in cordage and rope. Jute fibers are also used 
in rope, and contain 65-757. cellulose and 11-127. 
xylan. Ramie fibers contain a highly ordered cel­
lulose fraction of about 85%.
4. Leaf fibers - Leaves, while bearing a sizable cellu­
lose fraction, have not found ready acceptance as 
industrial raw materials due primarily to relatively 
low cellulose physical quality, and to the presence 
of a sizable fraction of protein, aldehydes, and 
other organlcs.
5. Grasses, straws, and agricultural residues - Cereal 
straws, bagasse, corn cobs and stalks, cotton seed 
hulls and stalks, pea and be^n hulls and Btalks, 
fruit pits and peelings, nut shells, reeds and cat­
tails, rice hulls, and weeds, and grasses all con­
tain cellulose. So far lack of economic promise 
or gathering problems have forestalled their use 
as major industrial cellulosic raw materials.
Ce llulose - Chemistry
The natural carbohydrates that occur in plants are of a rather 
motley character. Many different sugar molecules may be found, and 
these, in the native cellulosic, are bound together by several dif­
ferent types of linkages. The classical definition of cellulose 
is a linear polymer of anhydrogluccsc units linked at the 1 and 4 
carbon atoms by a beta-glucoside bond. The Haworth projection of 
cellulose is shown in Figure 1-1. The nuaber of repeating units,
N, may range from about 30 to 5000 or more. The highest degree of 
polymerization (D.P.) recorded is about 15,000 units. Barnett (10) 
in 1921 proved the gross chemical structure of cellulose when he 
was able to obtain almost quantitative yields of glucose from a 
hydrolyzed cellulose sample. Later methylated cellulose was hydro­
lyzed to yield 2,3,6 tri-o-methyl glucose almost quantitatively 
indicating the absence of branching in the cellulose chain (11).
From a chemical point of view cellulose is a rather simple 
compound. The hydroxyls on carbons 2,3, and 6 act no differently 
than hydroxyls of other organics. Tfce hydroxyl groups of cellulose
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are a primary alcohol on carbon 6, and secondary alcohols on carbons 
2 and 3. The two most comraerclally important reactions involving 
these hydroxyls are the formation of esters and ethers. The few 
reactions which do not result in ester or ether bond formation are 
carried out in the same manner as in analogous compounds of low 
molecular weight. The two major considerations that make cellulose 
reactions unique are, according to Ott and Spurlin (12): 1.) the
cellulose hydroxyls may not be available for reaction because the 
crystal 1 inity or insolubility of the cellulose hinderB access of 
the reagent to the hydroxyl groups, and 2.) excessive amounts of 
degradative side reactions must be avoided because cleavage of the 
cellulose chain would result giving products with unsatisfactory 
propert ies.
Cellulose reaction chemistry, therefore, is complicated not by 
the primary molecular structure of cellulose, but by its secondary,
8Bolid-state physical structure. The availability of the hydroxyls 
and the glucosIdic linkages to reagents Is the primary determining 
factor In cellulose reaction kinetics and product uniformity.
Native cellulose is polymolecular since many distinct polymer 
molecules are bound by strong intermolecular forces Into cohesive 
f ibril.s . Cel lul ose polymer molecules with diameters of less than
O
10 A. align themselves in more or less ordered structure into fibrils 
of about 100 A. diameter. The Individual polymer molecules are 
polydisperse in that polymer chains of greatly varying length are 
incorporated into the fibril. All of the binding forces which hold 
the individual molecules’ in alignment seem to be very strong ionic 
forces between molecules in adjacent chains. The cellulose fibrils
O
may then associate themselves into fiber units of about 100,000 A. 
diameter and great, but indefinite, length. The forces of inter­
fibril binding seem to be primarily of the intermolecular and 
crysta1 -lat11ce type. During growth formation of the fiber the 
water-swollen state of the fibrils permit close packing and axial 
orientation (13). When the fibers dry crystallization occurs among 
the fibrils. The closely packed fibrils form strong intermolecular 
bonds, and in some cases growth of a crystalline region will extend 
from one fibril structure into one adjacent.
Cellulose chains from a D.P. of less than 50 to over 5,000 
may be found intermixed in the fibril. Investigations into the 
determination and prediction of the size distribution of cellulose 
chains in a cellulose sample have been reviewed by Beall and 
Jorgensen (14). Most molecular weight distribution determinations
9are based on either separation of the various length polymer chains 
by fractional dissolution or precipitation, or by measuring Intrinsic 
viscosity of a cellulose solution.
Characterization of the various molecular weight fractions of 
cellulose has been usefully, but rather arbitrarily defined by the 
paper industry. Alpha cellulose Is that fraction of cellulose which 
remains insoluble In 17.57. NaOH at 20°C; this Is cellulose with a
D.P. of greater than about 200. Beta cellulose is solublized by 
the NaOH solution but is precipitable by neutralization of the solu­
tion at 20°C; the D.P. of beta cellulose ranges from about 10-30 up 
to 200. Gamma cellulose is the shorter chains of D.P. less than 
10-30 which remains in solution after neutralization.
A very important property of cellulose is that it can be pene­
trated and swollen by some strongly electrolytic solvents. This is
a phenomena that has long been used in treatment of cellulose to
1
increase reactivity, to change the solid physical state, and to im­
prove dyeability and surface properties. A partial list of chemical 
agents that will penetrate and swell cellulose to some degree is 
shown in Table 1-1.
Of the reagents listed, cuprammonium hydroxide, sodium hydroxide* 
sulfuric acid, and copper ethylenediamine have recieved most interest 
and have found most industrial application. Other chemical agents 
such as nitrogen dioxide in dimethylsulfoxide, and zine chloride have 
recently gained industrial interest. An excellent review of the 
literature on action of cellulose swelling agents has been published 
by VJarwicker, Jeffries, Colbran, and Robinson of the Shirley
Table 1-1
Celluloae Swelllng Agents (15)





151 sodium hydroxide + carbon dieulphide 
Ruthenium red as swelling agent 
Copper ethylenedidmine 
Phosphoric acid






Institute (15). Swelling agents of any type have the ability to 
disrupt the inter-fibrilar and intermolecular ionic bonds thus re­
laxing the highly oriented physical structure of cellulose. The 
relaxation of these bonds causes the polymer chains to spread apart 
and the fibers to appear swollen. Cotton fibers, which have a thin 
hard wax and pectin cuticle layer surrounding the cellulose fibrils
11
swell in cupraramonium hydroxide to a form resembling a string of 
beads as shown in Figure 1-2.
Figure 1-2
SW E L L I N G  A C T I O N  OF C U P R A M M O N I U M  HYDROXIDE
O N  C O T T O N
P R I M A R Y  W A L L
i f  C O N U A H Y  W A L L
c e n t r a l  c a n a i .
U N S W O L L E N  NATIVE C O T T O N  F IBER
S E C O N D A R Y  W A L L
- C E N T R A L  C A N A L
 C O L L A R S  O F  P R I M A R Y  W A L L
S W O L L E N  C O T T O N  F I B E R
This configuration is caused by the splitting of the primary 
wall, or cuticle, by the expanding cellulose fibrils of the secon­
dary wall. The outer wall is forced into restrictive bands which 
give the appearance of the beaded chain. The swelling action of 
sodium hydroxide does not result in the beaded effect, but swells 
the fiber rather uniformly along its length. If caustic soda above 
about 1IX concentration is used spiral splitting of the cuticle of 
cotton occurs and the secondary wall cellulose protudes. In other 
celluloslcs the primary wall of the fiber tends to be softer and
12
less restrictive than the cuticle wall of cotton, and sodium hydrox­
ide causes a more uniform release of the cellulose fibrils.
The Importance of the swelling action of some reagents upon 
cellulose has been realized for a long while. Almost all processes 
which involve reactions of cellulose utilize either a pre-treatment 
to swell the cellulose, or a reaction solvent that also acts as a 
swelling agent. The formation of alkali-cellulose is a predominant 
intermediate step in the courses of many cellulose substitution re­
actions, and the catalytic nature of alkali in cellulose degrada­
tion is well respected.
Of almost equal importance in cellulose chemistry are the 
naturally occurring non-cellulose components of a natural fiber 
that are found bound to, sheathing, or intricately interwoven with 
the cellulose fibers. Various hemi-celluloses such as the structual
I
ly oriented cellulosans xylan, glucan, and mannan, and the amorphous 
polyuronide hemi-celluloses xylose, arabinose, glucose, and galactose, 
along with various pentosans, form a variable fraction of the native 
holo-cellulose. The fraction of hemi-ce1lulose present in a cellu- 
losic varies greatly with species, age, part of plant, and conditions 
of growth. The composition of the hemi-cellulose fraction varies 
with the same criteria. A generally accepted definition of hemi- 
cellulose is that fraction of holo-cellulose that is soluble in 
water or dilute alkali. This would, of course, include a Bizable 
fraction of the gamma cellulose and some inorganic minerals.
The hemi-celluloses have a broad range of response to various 
solvents, and are generally found closely associated with or occluded
13
by true cellulose. Thus, precise fractionation and characterization 
of the hemi-cellulose fraction becomes extremely tedious. These 
non-ceIlulose saccharides and polysaccharides, however, play an 
important role in the chemical nature and physical properties of 
any natural holo-cellulose.
The third major constituent of most native cellulosics is the 
amorphous, highly colored, heterocyclic, aromatic polymer, lignin. 
Lignin is never found isolated in nature, but is always associated 
with carbohydrates. In woods the lignin is found intricately inter­
mixed with the cellulose and other carbohydrate fibers. In most 
grasses and straws, however, the lignin seems to be more limited to 
the surface of the fibers, and exists in a less highly condensed
state since it is much more easily separable from the fibers than
is lignin in wood (16).
The various reactive groups that characterize lignin are: 
a relatively high level of methoxyl groups, phenolic and aliphatic 
hydroxyls, and some carbonyls. Lignin is stable and will not de­
grade in the strong mineral acids that will hydrolyze cellulose.
It may, however, be degraded and partially solublized by alkali, 
and most pulp and paper processes remove lignin from native cel­
lulosics by variations of this method.
Lignin in its role as the structual 'cement' of plant fibers
binds, sheaths, and occludes much of the cellulose of the plant.
This makes a large fraction of the native cellulose unavailable 
for chemical or enzymatic attack, and the lignin physical structure 
must be disrupted or the lignin removed before such activity is
14
possible to any appreciable extent.
Cellulose - Physleal Properties
The macroraolecular structure, or fine structure, of a cellu- 
losic material in the native solid state is a complex function of 
inter- and intra-molecular forces between and within individual 
cellulose polymer chains, between cellulose fibrils in fibers, and 
between fiber units and the hemi-celluloses, lignin, gums, resins, 
and minerals. Since formation of the physical structure of cellu­
lose occurs as a growth process the inter-relationship of the vari­
ous components is in a dynamic ever-changing state.
Mark (17) states that all properties of cellulose, both chemi­
cal and physical, are in the last analysis determined by chemical 
structure, but that forces between the cellulose polymer chains 
produce a super-molecular texture that profoundly influences most 
properties of the material.
Numerous studies of the fine structure of cellulose have eluci­
dated the general concepts of polymer chain structure within the 
cellulose fibril, and fibril structure within the native fiber.
The gross structure of fiber stereo-relationship and cell formation 
has been vigorously investigated by light and electron microscopic 
techniques, and general agreement has been reached on cellulose 
gross physical properties (18,19).
Possibly the most important concept in cellulose fine structure, 
and one whose characterization is still incomplete, is the existence 
of very highly ordered crystalline regions within the cellulose
i
fibril. The size, position, shape, and Interaction of these
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crystalline regions has been studied extensively by x-ray diffrac­
tion (18,19,20,21,22,23,25) water vapor sorption (23,24), infra-red 
spectrophotometry (25,26), density measurement (27), and various 
other methods.
It has been found that the crystalline fraction of native, un­
treated cellulose, from any plant source, exists almost without ex­
ception in the "cellulose I" crystal lattice structure.
4 - a.3S A 
b -  IO. 3 A 
C - 7.9 A
>3 -  0 + #
Figure 1-3 
The Unit Cell of Cellulose I
The crystal lattice structure, however, may be altered by penetra­
tion and swelling by some chemical agent. The lattice structure 
and unit cell properties have been treated thoroughly by Warwicker, 
et. al. (15) who have found six distinct morphological states of 
cellulose crystallites depending on solvents and past history of
16
treatment.
From the plethora of supporting and contradicting literature 
on different theories of cellulose fine structure several valuable 
generalizations may be drawn:
1. The polymer chains of natural cellulose exist in 
differing degrees of order with respect to each 
other.
2. The most highly ordered fraction of cellulose 
gives a definite and unique crystalline diffrac­
tion pattern in x-ray diffraction photographs.
The exact size and lattice angj.es may he com­
puted for a characteristic single crystal.
3. The least ordered fraction is entirely amorphous
and shows no regularity whatsoever.
4. The crystalline fraction, whether composed of 
discrete crystallites, or of a continuous nature, 
is difficultly penetrable by solvents, enzymes, 
or reagents.
5. The amorphous region, whether interstitial, or 
sequential, or both, is easily penetrable by sol­
vents, enzymes, or reagents.




The degradation of cellulose is generally understood to mean 
a decrease in the average degree of polymerization of the polymer. 
McBurney (28) has characterized the four major types of cellulolytic 
degradation:
1. Hydrolytic - cellulose is reduced in D.P. and shows 
an increase in reducing power.
2. Oxidative - cellulose is reduced in D.P. and the 
product shows a development of carbonyl and carboxyl
groups.
3. Microbiologica1 ' - cellulose may be reduced in D.P., 
but loss of strength is the most pronounced effect.
A, Mechanical - cellulose is reduced in D.P. if the 
fiber is severely treated.
The beta-glucoside linkage in cellulose, being an acetal linkage 
is easily cleaved by strong acids. Addition of a water molecule 
across this linkage causes chain sciBsion with formation of an addi­
tional hemi-acetal reducing group on carbon 1 of the left glucose 
moiety. (See Figure I-A) .
The hydrolysis reaction has been characterized for homogeneous 
cellulose samples and strong acids as being first order and going 
essentially to completion. However, when heterogeneous samples of 
cellulose are used the reaction proceeds rapidly at first and then 
comes to an almost constant, low kinetic rate. If the x-ray pattern 
is monitored during this time almost no change occurs during the 
first phase, the pattern then becomes gradually more diffuse as the
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Figure 1-9. Acid Hydrolysis of Cellulose
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second phase proceeds. This action has been explained by Davidson 
(29) on the basis of the ' existence of two cellulose physical states; 
one easily penetrable, and the other penetrated with difficulty.
The latter state being the oriented crystalline phase which contri­
buted the characteristic cellulose x-ray pattern, and the former 
being the inter-crysta11ine amorphous phase. Cellulose hydrolysis 
would then proceed first through the amorphous, easily accessible 
phase rapidly, and attack on the crystalline phase would occur 
slowly as the reagent acted on the faces and ends of the crystallites.
Regions of high orientation, crystallites, have in some cases 
increased in size during partial hydrolysis and subsequent drying.
This is thought to be due to the increased mobility of the chain 
ends after hydrolysis. During the drying process these mobil chain 
ends can orient themselves and extend the sire of the original crys­
talline regions.
The cellulose molecule, in common with other hydroxy compounds, 
can by oxidized by a variety of reagents. A most important class of
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these are reagents that promote depolymerlzation of the cellulose 
chain. The autoxidation of cellulose by molecular oxygen is an 
important and well known phenomenon. The studies of Schulz (30) 
show the rate of cellulose depolymerization to be proportional to
i
the square root of the oxygen partial pressure. The autoxidation
react ion of cellulose has generally been considered as a chain re­
action with free radical propagation. For such a mechanism to be 
operable considerable inter-molecular mobility is needed. It would 
follow that the more swollen or disoriented the cellulose the higher 
the degree of oxidation. Alkali cellulose is highly swollen and 
has been shown to have a'rate of oxygen uptake that is directly 
proportional to the alkali concentration below 507» by weight of 
NaOH in the solution (28). The autoxidation of cellulose in alkali 
is subject to both positive and negative catalysis. Cobalt and 
benzenediazonium hydroxide promote the reaction while silver and 
napthaquinone inhibit the oxidation (31).
McBurney summarized the oxidation cf cellulose with these four 
points (28) :
1. The alkaline, oxygen oxidation of cellulose is a 
reasonably uniform reaction which occurs by a 
hydroperoxide-type, free radical mechanism.
2. The reaction is subject to catalysis by transition 
metals such as cobalt, iron, and manganese, and
to retardation by silver and organic antoxidants.
3. Positive catalysis is accompanied by an increase 
in depolyxuerization per unit of oxygen absorbed,
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whereas the opposite is true for negative 
ca ta lys is.
4. Reducing group production is increased by
positive catalysis and decreased by retarders.
Cellulose can be degraded tnicrobially by microorganisms or 
enzyme systems of these organisms. Ruminant animals, termites, 
some snails, and many bacteria and fungi depend upon their ability 
to degrade cellulose and metabolize its degradation products for 
their supply of energy and carbon. In each cf.se the instrument of 
actual degradative action is an enzyme or enzyme system produced by 
the organism. The action, specificity, and mechanism of the enzyma­
tic breakdown of cellulose will be discussed in the following sec­
tion on fermentation.
Cellulose may be degraded mechanically by grinding, milling, 
and cutting. Very severe mechanical handling will decrease the de­
gree of orientation of the cellulose chains, and extended ball- 
milling of wet cellulose has been shown to produce a completely 
amorphous material.
Photolysis by ultraviolet light will cause cellulose de­
polymerization with or without the presence of oxygen. The yellow­
ing of paper exposed to sun rays is degradation of this nature.
Heat will degrade cellulose under severe conditions.
Williamson (5) has studied pyrolytic decomposition of heterogeneous 
cellulosics, and has characterized decomposition products and de­
gradative mechanisms.
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Fcrmentat Ion - Genera 1
The ability of microorganisms to transform diverse materials 
into protein, lipids, vitamins, steroids, and innumerable simple 
and complex organic molecules has long been recognized. Such sub­
strates as petroleum and hydrocarbon fractions, hydrocarbon gases, 
carbon dioxide, organic acids, carbohydrates, and carbohydrate al­
cohols, proteins, and lipids have all been found suitable as mi­
crobial carbon sources. Production of alcohols, organic acids, 
antibiotics, vitamins, amino acids, enzymes, and steroids by mi­
crobial processing has gained industrial importance.
The process of microbial growth, substrate utilization, and 
waste product excretion is called fermentation. Rainbow and Rose 
(32), Steel (33), Aiba, Humphrey, and Millis (34), and Prescott 
and Dunn (35), have published recent comprehensive reviews of fer­
mentation processes and technology.
The classic substrate for the majority of these microbial fer­
mentations has been some form of carbohydrate. While the specific 
carbohydrate - cellulose - is of primary interest in this investi­
gation it is productive to understand the general nature of mi­
crobial fermentations of any carbohydrate due to the similarities 
which predominate once the substrate has been solublized.
Carbohydrate in solution must first be transported across the 
microbial cell wall, or membrane, into the cell cytoplasm. Once in­
side the cell the carbohydrate is phosphorylated, and enters one of 
the various metabolic pathways where its carbon skeleton is broken 
down to be oxidized far energy or reformed Into various cell
22
cons t ituents.
Fermentations may be either aerobic, requiring oxygen, or 
anaerobic. Aerobic fermentations use molecular oxygen as the final 
electron acceptor in the electron transport chain of metabolic oxi­
dation - reduction reactions. Oxygen is reduced to CO2 and ^0 .
In anaerobic fermentations the absence of oxygen foreshortens the 
electron transport chain causing such small organic molecules as 
methanol, ethanol, and butanol to act as final electron acceptors. 
Such compounds are then excreted into the surrounding media.
In general, aerobic fermentations are about ten times as ef­
ficient as anaerobic fermentations in converting carbohydrate to 
energy and cell tissue. This is caused by the difference in states 
of oxidation of the final electron acceptor molecules. Alcohols 
produced by anaerobes contain much more energy obtainable by oxi­
dation than does the final aerobe product of CC^ • Aerobic fermen­
tation of carbohydrates has been found to convert about 507. of 
metabolized substrate into cell tissue and the rest into CC^ for 
energy (36). Fermentations of hydrocarbons have resulted in 1007 
conversion of metabolized substrate to cell tissue. Oxygen require­
ments, however, show hydrocarbons requiring about three times as 
much for fermentation as carbohydrates, and growth rates are usually 
limited by oxygen transfer rates. Hydrocarbon fermentations tend 
to be more exothermic than fermentations of carbohydrates giving 
off over twice the amount of heat.
Data from Humphrey in Table 1-2 shows characteristic heat and 
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All industrial use of carbohydrates for microbial substrates 
has been limited to those that are water soluble. There has been 
considerable interest, however, in the utilization of soluble sugar 
fractions produced from insoluble carbohydrate Materials. Since 
Delbruck in Germany found that food grade yeast could be produced 
from solubiized wood sugars (37), sporadic interest has recurred 
such as in Germany during World War II (38). TTie Gersan yeast pro­
cess produced Candida utilis and several strains of lesser importance 
from wood sugars generated by the H^SO^ hydrolysis of softwoods. 
Other yeast plants there, and current U.S. plants use waste sulfite 
liquor from paper pulp processing as substrate (39). Processes 
have also been developed for production of bacterial single-celi- 
protein from spent sulfite liquor (40).
These processes have, in a sense, uti 1 izedinsolubLe material 
as substrate, but in all cases the material has been chemically 
solubiized before introduction into the actual fermentation process.
For a long while researchers thought native cellulose to be 
either unfermentable or, at least, very resitant to bio-degradation. 
Langwell (41), Olsen, Peterson, and Sherrard (42), Acharya (43), 
and Fontaine (44) reported native cellulose unfermentable or in­
hibited to a prohibitive extent by lignin. Virtanen and others (45) 
found that cellulose was bio-degradable, but that periods of 3 to 
4 weeks were necessary for cellulose breakdown. Hajny, Gardner, 
and Ritter (46) have reported cellulose bio-degradation by thermo- 
philes, but residence times were 2 to 6 days. Grey (47) reported 
conversion of cellulose to cell tissue in fungi, but again rate is
measured In days, and maximum carbohydrate to protein conversion 
efficiencies are 177.. Thus, many researchers have concluded that 
native cellulose is unsuitable for Industrial scale fermentation 
for the following reasons:
1. Native cellulose usually has a high crystalline 
fraction that is resitant to enzyme penetration.
2. Native cellulose is usually fowd closely asso­
ciated with, sheathed in, and occluded by lignin,
3. In cases where fermentation has occurred growth 
rates are very slow.
The route to completely soluble wood sugars by acid hydrolysis 
of insoluble cellulosics gave a workable process to circumvent the 
fermentation problems, but costs of acid recovery gave this process 
little economic leeway. The concept of chemical pre-treatment of 
the cellulosic thus came to be thought of as a uore or less absolute 
treatment. Either the cellulosic was fermented untreated, or it 
was chemically degraded to soluble products prior to fermentation. 
Very little work of industrial consequence has been reported on 
fermentation of partially degraded cellulose. Hajny, Gardner, and 
Ritter (46) report increased acid yields with thermophilic fermen­
tation of dilute acid treated woods, but note that lignin inter­
ference is again an inhibitory factor in bio-degradation.
The important problem of whether lignin is inhibitory to mi­
crobial degradation of the cellulosics because of a toxic effect 
or by a steric effect has not been coi^>letely resolved. Kamstra, 
Moxon, and Bentley (48) have suggested that the inhibitory effects
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of lignin are mainly stcric In nature, and that ltgnln per Be does 
not act as a microbial toxin. Stone (49,50,51,52,53) at L.S.U. In 
1965, found that alkali soaking of cellulosic agricultural rough­
ages enhanced their digestibility by ruainant animals.
Fermentation - Cellulose Degradation
The microbial degradation of cellulose is, in every case, an 
enzymatic attack and breakdown of the cellulose polymer chain.
Reese, Siu, and Levinson (54) have shown that the ability to de­
velop an enzyme that will hydrolyze the 1-4 beta linkage of cellu­
lose is widespread among microorganisms. The ability to use cellu­
lose as a sole carbon source, however, is much more limited.
Organisms that can degrade and metabolize native cellulose are 
termed 'cellulolytic ' . Some uon-celluloytic organisms, while being 
unable to degrade native cellulose, can, however, utilize some 
soluble derivatives of cellulose. Reese and co-workers have there­
fore postulated that the enzyme cellulase - designated by Pringsheim 
(55) - is actually a two enzyme system. The first enzyme, designated 
as if* responsible for the hydrolytic breakdown of native cellu­
lose to shorter, insoluble, anhydroglucose chains. The second 
enzyme, designated C^, is responsible for further degrading these 
chains into soluble, small molecules capable of diffusion into the 
cell. It was found, generally, that the enzyme was inducabie, 
and would not be developed in the absence of material with 1-4 beta 
glucoside bonds. The enzyme C^, on the other hand, seemed to be 
constitutive, and was formed regardless of substrate.
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Organisms which are truly celiulolytlc - Actlnomyces sp.f 
Aspergillus fumlgatus, Aspergi1lua luchuensIs, Cellulomonas sp,,
Myce 1 tophthora butea, Myrotheclum verrucarla, Sporocytophaga 
m y x o c c o , etc. - produce both and enzymes of the cellulase 
system, while other, non-cellulolytlc organisms - Asperglllus 
flavus, Aspergl1lus nlger, and Aspergl1lus sydow 1, etc. - can 
produce the enzyme but not . This would explain why these 
non-cellulolytlc organisms are able to utilize soluble derivatives 
of cellulose, but are unable to attack native crystalline cellulose.
The specific activity of the cellulase enzyme system is highly 
dependent on several important variables. The data of Reese, Siu, 
and Levinson (54) show that specific activity of the enzyme de­
creases rapidly from a high initial rate to almost zero in six or 
more hours. Whether this decrease is due to feedback inhibition of 
the enzyme by the reaction product or some enzyme instability in­
herent in the system used is not known. It is known that enzyme 
stability is often dependent upon presence of the organism (for 
extracellular enzyme systems), and that activity in the presence of 
the organism is often higher than it is in the cell-free filtrate.
Cellulase enzyme systems, as with enzymes in general, exhibit a 
a definite pH optimum. Often activity will vary ten-fold or more 
within a one or two unit pH change. Figure 1-5 shows dependence 
of the activity and stability of the enzyme of Aspergl1lus 
luchuensis upon pH. Most cellulase systems exhibit a pH optimum be­
tween pH 4 and 6; some fungal enzymes, however, prefer a pH as high 
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Figure 1-5 (9) 
pH Dependence of the Inactivation and Activity of 
of the Cx Enzyme of Aspergi11 us luclmensis .
pH than is its specific activity. The stability is effected by pH 
over a much broader range, therefore, enzyme inactivation cannot 
explain the shape or limits of the activity curve.
Temperature dependence of various enzymes has been investi­
gated by Reese and co-workers (54). Their data (Figure 1-6) show 
optimum enzyme activity for the enzyme of Aspergillus luchuens is 
occurring at a temperature of about 60°C. This temperature is well 
above the range normally acceptable for cell growth.
Although specific rate of enzyme activity is increased, up to 
a limit, by Increasing temperature the rate of enzyme inactivation 
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Figure 1-6 (9). Effect of Tempera­
ture on Actlvfty of the Cx Enzyme of 
Aspergl11 us luchuens1s .
Thus, while higher temperature may be unacceptable for a process re­
quiring a long residence time it might be preferable for short term, 
rapid, enzymatic reactions.
Other faf ors such as presence in the medium .f organisms, sub­
strate, stabilizing chemicals, and electrolytes effect enzyme sta­
bility and activity, but these requirements differ from system to 
system and specific definition is necessai for each system.
The mechanism of cel Lulase enzyme action on native, heterogen­
eous cellulosic materials has been the subject of some debate. Some 
investigators (56,57,58) have found very little decrease in the de­
gree of polymerization of cellulose during microbial degradation.
The results which show no change in degree of polymerization may be 
explained as follows: The cellulose molecule is rapidly digested
in localized areas into water soluble residues which do not affect
30
the D.P. The D.P., therefore, actually represents the value for the 
residual un-depraded cellulose. There are others, however, who claim 
that a measurable decrease in D.P. actually does occur (59,60,61).
It is accepted, however, that enzyme attack on a native cellulose 
occurs in a two-stage process. In the first stage of the degrada­
tion, which proceeds rapidly, cellulose in the amorphous, non­
crystalline region is attacked and hydrolyzed into soluble fragments. 
In the second stage the rate falls off drastically as enzymes attempt 
the more difficult penetration and hydrolysis of the highly ordered, 
crystalline regions. Karrer and Schubert (62) found the rate of 
cellulose breakdown by snail enzymes to vary inversely with the de­
gree of cellulose crystal 1 inity. Walseth (63), Baker, eit. a K  (64), 
Kamstra, aj_. (48), Reese, ej:. aJL (54), and others have found
the same two-stage rate phenomenon in enzymatic cellulose degrada­
tion, and all have attributed it to the two phase nature of cellu­
lose fine structure.
Proposa1 - Chetsica1 - Microbla 1 Process
The process that was proposed to increase the biodegradabi1ity 
of cellulose in native roughages was a mild alkaline - oxidation.
It was designed to handle solid cellulosics and carry out the fol­
lowing changes on them;
1. To disrupt lignin physical structure in the native 
cellulosic, thereby releasing more of the cellulose 
froa its sheathing and occluding properties.
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2. To Lower the relative degree of cellulose 
crysta 11Inlty, thereby making more of the 
cellulose available for penetration by 
enzymes.
3. To decrease the degree of po1/merization of 
the cellulose, thereby solublizlng some of 
the carbohydrate and leaving the remainder 
more available for enzyme attack.
A detailed description and procedural explanation of this 
treatment is given later in the Experimental section of this report.
The fermentation process was designed to use those cellulosics 
modified by the alkaline oxidation treatment as sole carbon sub­
strate for microbial fermentation. An aerobic, ceilulolytic bac­
teria of the species Ce1lulomonas was isolated by Dr. V. R. 
Srinivasan at L.S.U. This bacteria demonstrated the ability to 
utilize the treated cellulosics as substrate with good conversion 
efficiencies and rapid growth rates. The bacteria needed only a 
small, initiaL amount of thiamine, required a simple media of in­
organic salts, and only cellulose as a carbon source. The fermen­
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CHAPTER II
EXPERIMENTAL LABORATORY APPARATUS AND PROCEDURES
Alka1ine-Oxidation Treatment and Teating Procedures
The experimental procedures described here were designed to 
determine the effect of an aIka1lne-oxidation treatment of various 
heterogeneous, native cellulosics cn their _In Vitro cellulose di­
gestibilities, and to attempt a correlation of the cellulose di­
gestibility with several chemical and physical variables of the 
different substrates. The project was designed to incorporate as 
many meaningful variables as possible in the correlation. One 
dependent variable - _Tn Vitro cellulose digestion - was correlated 
with six Independent variables. The independent variables were: 
content of forage of, 1.) protein, 2.) Nitrogen Free Extract 
(N.F.E.), 3.) fiber or true cellulose, 4.) lignln, 5.) ash, and
6.) Crysta1 1 inity Index. The degree of lignin sheathing of the 
cellulose could not be determined, therefore, it was assumed that 
the same degree of physical rearrangement of the lignin was ef­
fected in each treatment.
The project was designed to give sufficient data for an em­
pirical machine correlation of the several Independent variables 
with JLn Vitro digestibility. A correlation was developed for un­
treated and treated samples, and for all data together.
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Subs tra tos and Samp ling
Fifteen different cellulosics were chosen to be tested. Species 
with both high and low lignin and fiber fractions were used. An 
attempt was made to choose substrates that gave a relatively wide 
range for all independent variables. Table II-l lists those cel­





1 Cotton Linters, Raw, 2nd Cut
2 Cotton Linters, Purified
3 Bagasse, Sugar Cane, Whole
4 Bagasse, Sugar Cane, Pith










15 Bagasse, Sorguro, Whole
Treatment Procedure
AIL cellulosic substrates were subjected to the same alkali 
oxidation treatment. The treatment sequence was designed to sve 
the cellulose structure, break up lignin physical structure, and 
oxidize cellulose into shorter molecular chains. The treatment 
sequence was:
1. The' cellulosic was ground in a Wiley mill through 
a 3mm screen.
2. The cellulosic was slurried for 10 minutes in alka­
li solution (see solutions below).
3. All excess liquid was removed from solids by 
squeezing in a nylon bag.
4. The cellulosic was spread into a monel screen 
tray (no. 20 mesh) to a depth of about 0.5 in.
5. The tray was placed in a pre-heated laboratory 
oven for 1 hour at 170-180°C.
6. The cellulosic was slurried with water and 
neutralized with concentrated HC1 to pH = 7.0.
7. All excess liquid was removed from the solids 
by squeezing in a nylon bag.
8. The cellulosic was placed in a cotton cloth 
bag and placed in a forced air oven at 80°C 
until dry.
9. Treated cellulosic was then analyzed.
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Solutions:
1. Alkal i solution (ceil effluent)
9% NAOH 
167. NAC1 
Trace metals and minerals 
saturated at 22°C with C o C ^
2. HC1
37-38 technical grade HC1
Analyt ical Procedures
Pr oximate Analys is
A proximate analysis was obtained on all fifteen cellulosics 
untreated and treated. Protein, fat, fiber, ash, and lignin frac­
tions were reported. The remainder of the sample was reported as 
Nitrogen Free Extract. All fractions were reported as weight per­
cent on a dry basis. Proximate analyses were run by the Feed and 
Fertilizer Control Laboratory of Louisiana State University. Table 
II-2 gives the proximate analysis of all samples tested.
Ce1lu1 ose Content
The cellulose content of all treated and untreated samples was 
determined in the Ruminology Laboratory by the method of Matrone (1). 
Cellulose was also reported as fiber in the proximate analysis of 
the Feed and Fertilizer Laboratory. Table II-3 gives a comparison 
of these values for both treated and untreated samples.
Table II-2. Proximate Analys is of Treated and Untreated Cellulosics
Protein Fat N.T.E, Fiber Lignin Ash
Substrate U T U T U T U T U T U T
1. Cotton Linters - Raw 2.45 0.64 0.96
2. Cotton Linters - Purified 3.27 0.44 1.69
3. Bagasse - Whole 2.68 0.85 1.0
4. Bagasse - Pith 2.97 1.00 5.23
5. Bagasse ~ Fiber 1.74 0.67 0. 76
6. Rice Straw 5.05 2.89 2.41
7. Sawdust - Pine 0.42 0.47 2.89
8. Johnson Grass 6.71! 2.69
2.87
9. Prairie Grass 5.32 2.11 2.06
10. Alfalfa Meal 22.11 6.25 2.38
11. Cottonseed Hulls 5.53 2.38 1.51
12. C o m  Cobs 2.61 0.83 0.87
13. Oat Straw 7.74 2.27 2.0
14. Wheat Straw 2.71 1.27 1.25
15. Sorgum Bagasse 2.73 0.92 2.73
0,,53 4.,48 10. 7 85.,7 78. 18 5.1 1. 72 1.27 3,.20
0. 33 0. 69 10. 26 90. 0 70. 53 0,.84 1.0 0.42 17,.41
0. 74 31. 1 21. 73 52. 74 52. 14 10,.63 6. 53 1. 79 17,.98
1.45 30. 83 23. 96 47. 14 42. 32 9,.28 3. 91 4. 52 27..32
1.01 32. 78 20. 96 52. 39 52. 19 10,.23 6. 53 2. 06 18,,60
1.22 36. 70 21. 49 34. 39 38. 41 4,.06 4. 34 17. 36 31.,62
0. 82 13. 16 ■■ 74. 83 65. 33 8.,45 -- 0. 21 15.,27
1.45 39.44 24. 22 37. 00 43. 72 5,,01 4. 26 8. 95 23.,65
2. 34 41. 84 19. 28 36. 73 48. 82 7.,39 6. 24 6. 63 21. 18
2. 96 39.46 8.
i
68 23. 88 51. 16 5.,39 12. 07 6. 74 18.,85
0.45 15. 83 15. 75 50. 54 47. 50 23.,31 17.46 3. 25 16.43
0. 31 46. 89 37. 27 37. 10 45. 54 1C.,44 2.72 2. 06 13 .29
1. 29 35. 50 20. 23 36. 94 45. 67 7..41 5.41 10. 39 25. 10
0. 74 35. 58 15. 74 46. 08 48. 82 8.,02 7. 55 6. 36 25. 85
0.41 41. 60 42. 60 40. 54 41. 60 7. 17 4. 94 4. 21 29. 14
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Table II-3
Cellulose Contents of Treated and Untreated Ce1lulos tea
Fiber - % dry solids Cellul ose - % dry solids
Untrea ted Treated Untreated Treated
1. Cotton Linters - R 85. 70 78.18 86.60 82.20
2. Cotton Linters - P. 90.00 70. 53 96. 10 75. 80
l
3. Bagasse - Whole 52. 74 52. 14 49. 50 55. 30
4. Bagasse - Pith 4 7. 14 42. 32 43.70 48.30
5. Bagasse - Fiber 52. 39 52. 19 52. 3 57.3
6. Rice Straw 34.39 38.41 40. 5 46.9
7. Sawdust - Pine ' 74.83 65. 33 58. 3 52.6
8. Johnson Grass 37.0 43.72 39.0 50.5
9. Prairie Grass 36. 73 48.82 37.2 48.6
10. Alfalfa Meal 23.88 51. 16 23. 5 42.0
11. Cottonseed Hulls 50. 54 47.5 38.8 45.6
12. Corn Cobs 37. 1 45.54 40.0 52.8
13. Oat Straw 36.94 45.67 40.6 50.8
14. Wheat Straw 46.08 48.82 47.9 50.2
13. Sorgum Bagasse 40. 54 41.6 42.0 60.6
Cellu lose Bio-degradability
The bio-degradability of the cellulose was determined by the 
In Vitro rumen fluid method of Baumgardt (2). This method was 
chosen for its simplicity and time requirements. It was felt that 
the cellulose bio-degradatlve mechanism of the rumen bacterial 
enzymes was essentially the same as would be experienced with the
43
cellulase enzyme system of the bacteria chosen for the fermentation 
process. Table II-4 gives average cellulose dlgstibility values 
obtained for all treated and untreated samples.
Table II-4
Corrected Average Cellulose Digestibi1ity Values
Cellulose Digestibility 
7o dry cellulose digested 
Substrate Untreated Treated
1. Cotton Linters - Raw 0.82 5.4
2. Cotton Linters - Pure 31.7 21.4
3. Bagasse - Whole 15.1 57.0
4. Bagasse - Pith 26. 5 55.0
5. Bagasse - Fiber 30. 1 50. 3
6. Rice Straw 7.3 54. 1
7. Sawdust - Pine 4.25
8. Johnson Grass 66.5 88. 0
9. Prairie Grass 16. 2 45.7
10. Alfalfa Meal 55.7 53. 5
11. Cottonseed Hulls 9.8 35.5
12. Corn Cobs 19. 3 44.0
13. Oat Straw 35.5 66.0
14. Wheat Straw 25.4 44.0
15. Sorgum Bagasse 30. 2 61.5
NOTE: Alfalfa digestion control for all runs was corrected to 50.07.
digestion. The digestibility values for the various cellulosics were 
corrected proportionally. Significant values of each set were aver­
aged to obtain the values reported in Table II-4.
44
Lignln Content
Lignin content of all samples was determined In the Rumlnology 
Laboratory by the acId-detergent method of Van Soest. Lignin frac­
tion was also reported In the proximate analysis of the Feed and 
Fertilizer Laboratory. Table II-5 gives a comparison of these values.
Crys tall ini ty Index
A measure of the relative crystal1inlty of all samples was ob­
tained by an x-ray diffraction technique similar to the method of 
Segal t^ t, a_l. (3). A crysta 11 inity index was computed from the dif­
fraction pattern. The crystallinity index as used herein does not 
imply absolute measure of the crystal1inity of the cellulose fraction 
due to the heterogeneous nature of the samples (cellulose was not 
isolated). All x-ray patterns were obtained from whole samples.
The physical adjustment of the diffractometer, and the sample pre­
paration technique may be found in Appendix B. The crystalline re­
flection bands of cellulose were easily distinguishab]e, hut it is 
suspected that a portion of the amorphous region in the diffraction 
patterns could be attributed to other non-cellulosic fractions of 
the forage sample.
Sample calculations may be found in Appendix A. Table II-6 














1. Cotton Linters - Raw 5.1 1.72 5.5 --
2. Cotton Linters - Pure 0.84 1.0 -- --
3. Bagasse - Whole 10. 63 6. 53 17. 1 7.7
4. Bagasse - Pith 9.28 3.91 12.2 6.2
5. Bagasse - Fiber 10.23 6. 53 14.9 10.0
6. Rice Straw 4.06 4.34 8.7 6.5
7. Sawdust - Pine - 8.45 -- 32.6 27.8
8. Johnson Grass 5.01 4.26 8. 1 6.9
9. Prairie Grass 7. 39 6.24 10.2 7.5
10. A 1 fa 1 fa Meal 5.39 12.07 7.7 13.0
11. Cottonseed Hulls 23.31 17.46 24.4 19.2
12. Corn Cobs 10.44 2.72 21.9 --
13. Oat Straw 7.41 5.41 9.1 7.4
14. Wheat Straw 8.02 7. 55 12.1 9.4
15. Sorgum Bagasse 7.17 4.94 11.2 9.1
All lignin values reported as per-cent dry weight solids 
Lignin - F : Values from Feed and Fertilizer Laboratory 
Lignin - R : Values from Ruminology Laboratory
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1. Cotton Linters,R 72.8 72.0 76. 5 71.5
2. Cotton Linters,P 81.0 77.0 82.0 74.2
3. bagasse- Whole 42.5 49.4 44.0 52. 5
4. Bagasse - Pith 32.3 47.5 37.4 43.5
5. Bagasse - Fiber 42. 3 47.0 47.3 53.0
6. Rice Straw 43. 3 41.0 42. 5 49.0
7. Sawdust - Pine 38.0 41.5 39.8 48.1
8. Johnson Grass 33.3 49.0 39.0 52.0
9. Prairie Grass 39.2 55.5 37.7 55.8
10. Alfalfa Meal 33.3 52. 5 23.0 52.0
11. Cottonseed Hulls 42.0 48. 0 37.0 37. 2
12. Corn Cobs 2 B. fe 37.8 29. 5 36.2
13. Oat Straw 3B. 7 52.0 41.5 50.0
14. Wheat Straw 46.6 41.7 34. 5 51.0
15. Sorgum Bagasse 42. 3 47. 5 48. 5 53.5
Empirical Correlation of Data
An empirical correlation of the preceeding data was calculated 
by the use of library prograo MRP-49; the revised General Foods 
Multiple Regression Analysis. A correlation of In Vitro cellulose
hi
digestibility with the six significant independent variables (fat 
was insignificant) was attempted for three cases:
1. data from untreated samples
2. data from treated samples
3. data from all samples
A theoretical equation of the form:
represented the curve to be fit to the experimental data. The 
variables were defined as:
D = percent cellulose digested Iji Vitro; y = log D
P = percent protein in sample (dry basis); = log P
S = percent N.F.E. in sample (dry basis); = log S
F = percent cellulose in sample (dry basis); x^ = log F
L = percent lignin in sample (dry basis); x^ = log L
A = percent ash in sample (dry basis); x,. = log A
C.I. = crystallinity index of the sample; x^ = log C.I.
Upon subsitituion the final form of the model equation was: 
log D = log B + a log P + c log S + d log F +
e log L 4 f log A + g log C.I.
where B, a, b, c, d, e, f, g, are constants.
The three solutions obtained for the above follow.
n
y
Case I. Correlation for Untreated Samples
D
2.05 3.23_6.3 
3.31 ----- §---- ----u
where
- predicted cellulose digestibility
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A table of observed versus predicted digestibility values Is
shown In Table II-7. In Figure II-l predicted values are plotted
2
versus observed values. A correlation coefficient (r ) of 0,76 
was obtained for the correlation.
Table II _ 7
Exper ioenta1 and Predicted Values of Cellulose






1. Cotton Linters - Raw 0.82 1. 60
2, Cotton Linters - Pure 31.7 19.6
3. Bagasse - Whole 15.1 41.4
4. Bagasse - Pith 26.5 22.5
5. Bagasse - Fiber 30. 1 17.6
6. Rice Straw 7.3 10. 3
7. Sawdust - Pine -- --
8. Johnson Grass 66. 5 64. 6
9. Prairie Grass 16.2 31.3
10. Alfalfa Meal 55. 7 52. 5
11. Cottonseed Hulls 9.8 5.7
12. C o m  Cobs 19. 3 25.2
13. Oat Straw 35. 5 32.6
14. Wheat Straw 25.4 14.7
15. Sorgo Bagasse 30.2 19.6
Figure II-l, Experimental Versus Predicted Values of 
Cellulose Digestibility - Untreated
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Case II. Correlation for Treated Samples
Drp = 0. 1657
D0 .26 0-658 1.05 0.171 1.17P S  F L A
where D^ , = predicted cellulose digestibility
A table of observed versus predicted cellulose digestibility
values is shown in Table II-8. In Figure II-2 predicted values are
2
plotted versus observed values. An r of 0.796 was obtained for 
the correlation.
Case III. Correlation of All Samples
2
The correlation of all samples gave a maximum r of 0.384. No 
predicted values are tabulated and no values graphed due to the low 
correlation level.
Microbiological Procedures
Samples of several of the previously mentioned untreated and 
alkali treated cellulosics, and some additional treated and regen­
erated cellulose materials were fermented by a pure strain of cel- 
lulolytic bacterium isolated by Dr. V.R. Srinivasan and Y.W. Han of 
the L.S.U. Department of Microbiology (4,5). The following is a 
summary of the methods used in isolation and characterization of 
the bacterium used. Isolation media consisted of a mineral salts 
solution supplemented with 0.1% yeast extract and a strip of filter 











Experimental and Predicted Values of Cellulose
Digestibility - Treated Substrates
Digistibility - Per Cent
Observed Pred icted
1. Cotton Linters - Raw 5.4 9. 35
2. Cotton Linters - Pure 21.4 15. 7
3. Bagasse - Whole 57.0 40.4
4. Bagasse - Pith 55.0 55.2
5. Bagasse - Fiber 50. 3 39.6
6. Rice Straw 54.1 80. 3
7. Sawdust - Pine --
8. Johnson Crass 88.0 62. 6
9. Prairie Grass 45.7 49. 6
10. Alfalfa Meal 53. 5 41.4
11. Cottonseed Hulls 35.5 41.7
12. Corn Cobs 44.0 34.6
13. Oat Straw 66. 0 60. 3
14. Wheat Straw 44 . 0 58. 2
15. Sorgo Bagasse 61. 5 86.9
About one gram of a rotting sugar cane and soil mixture was inocu­
lated into the isolation media. After 3 - 7  days incubation at 30°C
1
on a reciprocal shaker a portion of filter paper was transferred 
into fresh media. This process was repeated several times to enrich 
the aerobic and mesophilic cellulose utilizing organisms. The filter
52
Figure II-2. Experimental Versus Predicted Values of 
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paper from the enriched culture was removed, mascerated in a small 
amount of sterile water, and streaked onto plates containing each 
of the following media: nutrient agar, carboxymethy1 cellulose
agar, and filter paper agar (a plate of nutrient agar covered with 
filter paper). Representatives of the various colonies which de­
veloped on each of these media were transferred to test tubes con­
taining nutrient salts and cellulose. Tubes showing visible de­
gradation of filter paper were selected and alternately transferred 
into liquid and solid media in order to enrich and isolate the 
cellulolytic organism. Isolated colonies were further purified by 
the terminal dilution method. The purity of the isolated culture 
was confirmed by the microscopic examination and colony morphology 
of several agar plate colonies. The isolated culture was subjected 
to diagnostic tests according to the Manual of Microbiological Methods 
(6), and referred to Bergey's Manual (7) for identification of the 
strains. Table II-9 gives the characterization comparison of the 
isolated cellulolytic organism and two organisms of the Bpecies 
Cellulomonas.
A crude enzyme solution was prepared by growing the organism 
in a liquid medium containing the basal salts mixture, filter paper, 
and 0.0057., yeast extract. Cell-free filtrates were prepared by 
centrifugation at 5000rpm for 20 min. at 4°C. The supernatant 
phase was collected and used as a stock enzyme solution.
The effect of pH on the growth of the organism and the activity 




Descriptive Chart of Cellulose Utilizing Organisms (4)
C. flavigena C. uda Isolate
Morphological
Characteristics
Form Rods, curved Rods Rods, short
Size 0.4 - 0.6 u 0.5 u 0. 3 - 0.5 u
X X X
0.7 - 1.8 u 1.0 - 1.5 u 0.7 - 1.2 u
Mot i1ity Non-mot ile Non-mot ile Non-motile
Gram stain Var iab le Nega t ive Nega t ive
Cultural
Characteristics
Agar slant Smooth, Moderate, Smooth, glis­
gli s tening flat , grayish tening, opaque,
opaque, yellow wh i te y e 11 ow
Broth Un i formly Uniformly Un i formly
turbid turb id turbid
*.■ iatIn S low S low S low
S tab 1 ique fac t ion 1 ique fac t ion 1ique fac t ion
Filter paper Fibers separate Fibers separate Fibers separate
in peptone on slight on s1ight on slight
bro th agitation a gi tat ion agitation











C. flavigena C. uda Isolate
Blochemica1 
Characteristics
Starch Hydrolyzed Hydrolyzed Hydrolyzed
Nitrate Reduce to Nt^ Reduce to NO^ Reduce to NC^
M.R. Test -- Negat ive
V.P. Test Negat ive Nega t ive Negative
Indo 1
Production
-- -- Negat ive
G 1 ucose Ac id Ac id Ac id
Lactose Ac id Acid Acid
Sucrose Ac id Acid Acid
Ma Ltose Ac id Ac id
Dextrin -- -- Ac id




































Figure II-3. Effect of pH on the Growth of the Organism 
and the Activity of the Extracellular Cellulase. (4)
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The cell population was monitored by changes in the optical 
density of the solution. Optical density readings were taken at 
different time intervals until maximum cell population had been 
reached. The optical density was measured at 600 m^. The cellu­
lolytic activity of the extracellular enzyme was measured by the 
following procedure:
1. A sample of the media was filtered to produce a 
cell-free solution.
2. Duplicate test tubes were prepared with 2 ml. of 
pH 5.91 buffer and about 100p,g of filter paper.
3. A 2 ml. aliquot'of the cell-free filtrate was 
added to each tube.
4. One tube was immediately heat killed to denature 
all enzymes.
5. Both tubes were incubated for 24 hours.
6. The contents of both tubes were centrifuged to 
remove all insoluble materials.
7. The concentration of soluble carbohydrate was 
measured in each tube by the Phenol-Su1 furic 
Acid method of Dubois (8) (given in detail in 
Appendix D). Cellulolytic activity was calcu­
lated from the difference in soluble carbohy­
drate concentration between the two tubes, the 
difference being attributed to cellulase en­
zyme activity.
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The degree of digestion of several different cellulosics by 
the organism was determined (Table 11-10).
The degree of digestion was determined by the following gravi­
metric method:
1. The organism was inoculated Into flasks containing 
100 ml of media with pre-weighed amounts of the 
various samples.
2. The flasks were incubated for 5 days at 30°C on a 
reciprocal shaker.
3. At the end of the five days the cultures were fil­
tered through G6och crucibles (Pyrex, fritted, 30 ml 
capacity, M porosity).
A. The residue in the crucible containing undigested 
cellulose was washed according to the procedure of 
Lembeck, t^ t. al_. (9).
5. A control flask was prepared in a similar manner 
for all samples, but was heat killed immediately 
after inoculation.
6. The extent of decomposition of the cellulose was 
calculated by comparing the weight loss of the test 
flask residue to that lost by the control flask 
residue after both samples had been dried to con­
stant weight at 105°C.
The digestibilities of bagasse samples were determined on 
samples having varying degrees of alkaline-oxidation treatment 
(Table 11-11). Whole ground sugar cane bagasse was used,
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Table II -10
Digestibility of Various Ce11ulos ic Materials






wt. Degree of 
digestion*
Filter paper 90.6 90.7 55.0
Cellulose powder 97.0 69.0 39.0
PAB cellulose 92.9 59.2 91.0
CM cellulose 91.8 66.0 28.0
Oxo-cel1ulose 93.0 79.0 20. 5
Cotton f i her 99.9 99.9 0
Paper towel 63.9 96.0 30.0
Bagasse pith 73.0 65.9 10.0
Bagasse 1i her s 90.0 87.0 3.9




*Degree of digestion was measured gravimetrically after the 
organism was inoculated into 100 ml of media containing each 
substrate as a sole source of carbon. Inoculum was incubated 
for 5 days at 30°C on a reciprocal shaker.
and treatment procedures were the same as described in the "Treat­
ment Procedure" part of this section with the exception of the 
changes in time, temperature, and alkali concentrations as noted 
in Table 11-11.
mTable 11-11
Effect of AIka11 Treatment on the D i gos t i b 11ity 
of Bagasse by the Organism (5)
Treatments Degree of digestion*
NaOH (7=) Temp. (°C) Time (Min) %
2 80 30 44
2 80 15 42
2 100 15 43
10 100 30 43
10 25 90 35
30 80 30 53
30 100 15 59
50 100 90 89
50 25 90 79
*Degree of digestion was measured gravimetrica1ly after five 
days incubation.
The digestibilities reported in Table 11-11 were determined by 
the gravimetric procedure stated above.
The number ol viable cells, extracellular protein, and cellu- 
lase activity of the medium were monitored with respect to time 
(Figure II-4). The number of viable cells per ml. of culture was 
determined by a standard plate count technique. The amount of 
extracellular protein was determined by the method of Lowery (10). 
The amount of extracellular cellulolytlc activity was determined
61











10 2 00 70 80 9000 100
0Jtfj
tC












I n c u t i a  t. i  o n  T i me ( h o u r s )
Figure II-A. The Growth, Excretion of Protein and the Cellulase 
Activity in the Menstruum* (The activity of the enzyme was ex­
pressed in terms of solubilized cellulose.) (A)
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CHAPTER III 
DISCUSSION OF LABORATORY RESULTS
General
Laboratory investigations involving development of the treatment 
process and subsequent Tn Vitro cellulose digestibility testing of 
the cellulosics were carried out in the Department of Chemical 
Engineering. The Microbiological Investigations were carried out 
in the Department of Microbiology. The results of these studies 
will be discussed in the above order.
Alkalinc-Oxidation Treatment and In Vitro Testing
From Table II-4 it is seen that the cellulose digestibility of 
all but one sample (purified cotton linters) was increased upon 
treatment. The average cellulose digested increased from 26.4Z in 
untreated samples to 48.77, in treated samples. This represents an 
average increase of 857, in fraction of total cellulose digested.
Best results of the treatment were upon samples containing low 
initial protein and fat, and high initial fiber and lignin. These 
substrates generally had low untreated cellulose digestibilities 
(77,-307,). The digestibility values were Increased to the 40Z-707, 
range by the alkali-oxidation treatment. The cellulose digestibil­




It was seen that the alkali-oxidation treatment did effect 
several of the variables that control the availability and bio- 
degradabi1ity of plant cellulose.
The protein and fat (ether extract) fractions of the cellulosic 
samples were initially quite low. The initial average protein con­
tent was 5.267=; initial fat content average was 1.98%. The highest 
protein value was 227° in alfalfa; sawdust had the lowest initial 
protein c aitent with 0.42%. Both protein and fat contents were re­
duced during treatment. The average protein content of treated 
samples was 1,8%; the average treated fat content was 0.957.. Since 
a standard method of solubilizing protein and saponifying fats is 
by sodium hydroxide treatment, the reduction in the two fractions 
is easily understood.
The significance of fat content in the digestibility correlation 
was very low in both the untreated and treated cases. It was de­
leted as a variable in the first attempt at correlation. Therefore, 
to reduce the number of constants to number of data points ratio 
(and increase reliability of correlation) it was entirely deleted 
from the second correlation attempt.
Protein content had a positive correlation with digestibility in 
both untreated and treated cases. Its exponent in the untreated cor­
relation (2.05) was much higher than its treated correlation exponent 
(0.26). This seemed to demonstrate that in untreated cellulosic 
samples protein content was a much more significant variable, and 
suggests that the protein remaining after alkali-oxidation treatment 
may have been altered in structure in such a way to decrease its
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digestive effectiveness.
The soluble or easily hydrolyzable Nitrogen Fret' Extract frac­
tion of the forages had a wide range of values in the untreated 
samples. Values ranged from 3.77. in purified cotton 1 inters to 467. 
in corn cobs. The actual composition and importance of this forage 
fraction has been the subject of several investigations (1,2,3).
It is generally believed that all soluble sugars, hemicelluloses, 
and some short cellulose chains are contained in this fraction.
The N.F.E. fraction almost always gives higher digestibility co­
efficients than the true cellulose fraction. Ease of site penetra­
tion by enzymes and higher kinetic rates of bond cleavage have been 
cited as being responsible for this.
Upon treatment the N.F.E. fraction of the forages showed two 
different patterns of change. The N.F.E. fraction in samples with 
initially high cellulose content apparently increased (in relative 
size at least) during treatment. This could be explained by two 
reasons:
1. partial degradation of the cellulose fraction into 
simple sugars or shorter cellulose chains
2. initial composition of the N.F.E. fraction was 
inherently more refractive and unaffected by 
treatment than in most cellulosics with larger 
N.F.E. fractions and less true cellulose.
Both of these qualities would contribute to an increase in the rela­
tive size of the N.F.E. fraction.
In samples with initially high N.F.E. values, the fraction de­
creased considerably upon treatment. This was probably due to the 
higher chemical degradability of this fraction relative to pure 
cellulose and lignin.
The N.F.E, fraction had a positive correlation with cellulose 
digestibility in both treated and untreated cases. The untreated 
coefficient (3.23) was higher than the coefficient for treated 
samples (0.658). This demonstrated that the level of N.F.E. had a 
more significant effect on cellulose digestion in untreated than 
in treated samples. It is known that the more refractive portion 
of the N.F.E. fraction retnains in the sample after treatment. It 
has been suggested by some investigators (4) that the N.F.E. frac­
tion contributes to the process of cellulose digestion by acting 
as an amorphous and porous filler or spacer between the cellulose 
fibrils. The existence of this porous material allows much more 
rapid enzyme penetration into the holocellulose interior thereby 
speeding cellulose breakdown. The disruption or removal of all or 
part of the N.F.E. fraction without additional disruption of cellu 
lose fibers might actually decrease cellulose digestibility. The 
lower, but still positive correlation coefficient for the treated 
samples suggests that the reduction in the N.F.E. fraction also re 
duced its effectiveness as a porous filler material.
Cellulose content of all samples was determined both in the 
Ruminology Laboratory and in the Feed and Fertilizer Laboratory's 
proximate analysis. The latter values were used in the empirical 
correlation. Table II-3 gives a comparison of these values.
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The change In relative cellulose content of the samples may be 
seen In Table II-2, and nay be explained as follows. The samples 
wLth high initial cellulose values decreased In relative cellulose 
content upon treatment, while in those with initially low cellulose 
values the relative cellulose content increased. It was generally 
true that the low cellulose samples had large initial N.F.E. frac­
tions. It was seen that the X.F.E. fraction decreased greatly upon 
treatment when initially large. The high cellulose samples show 
that some cellulose is being degraded during treatment, but it is 
known that N.F.E. is degraded faster. This would leave the sample 
with a relative cellulose increase after alkali-oxidation treatment.
Cellulose values gave a positive correlation with digestibility 
in both untreated and treated cases. The untreated exponent (6.23) 
was quite high; the treated exponent (1.05) was lower.
A possible explanation for the size of the untreated exponent is 
that as the size of the cellulose fraction increases, the relative 
size of the N.F.E. fraction decreases. N.F.E. Is preferentially de­
graded by microorganisms to the detriment of cellulose digestion. 
Therefore, a high cellulose value would indicate a low N.F.E. frac­
tion and, thus, less competition for enzymes and degradation.
Alkali-oxidation treatment lowers N.F.E. and causes the remaining 
N.F.E. to be almost as refractive to bio-degradation as the true 
cellulose. Therefore, a smaller significance would be expected for 
the size of the treated cellulose fraction.
Lignin content of all samples was determined by the method of 
Van Soest in the Ruminology Laboratory, and also reported in the
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Feed and Fertilizer Laboratory proximate analysis (Table 11-5).
The values obtained differed widely, and proximate analysis lignin 
values were used in the correlation attempt to preserve analytical 
continuity. Lignin values decreased upon treatment in all but 
three cases. In purified cotton linters apparent lignin gain^was 
probably caused by the low initial lignin content being less ef­
fected by the treatment than the large fiber fraction which de­
creased considerably. The Lignin value for rice straw did not 
change appreciably during treatment. It was also a low initial 
value, and the absolute content probably did decrease somewhat due 
to the effect of loss of Ji.P.E., fat, and protein. Alfalfa also 
shows a relative lignin gain that is probably due to the large de­
crease in its N.F.E. fraction.
The empirical correlation shows an expected negative correlation 
in the untreated case (exponent = -0.935) but shows an unexpected 
positive lignin correlation for treated samples (exponent = +0.171). 
The analysis of these correlation values gives interesting insight 
into the digestion inhibition effects of lignin.
If the lignin present in the samples acted as a toxic agent to 
microorganisms it should have been negatively correlated in both 
cases. However, if lignin inhibition is mainly steric in nature a 
change in lignin physical structure would result in a corresponding 
change in the correlation exponent. The fact that the lignin cor­
relation exponent went from a significant negative number to a rela­
tively small positive n m b e r  during treatment suggests that lignin 
inhibition to enzymatic degradation of cellulose is mainly due to
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sterlc hindrance by the physical structure, and that the physical 
structure of lignin is altered in such a way during treatment that 
inhibition is no longer found. This would apply only to the rela- 
tively low lignin levels encountered in the forages. A significant 
Increase in non-native lignin may produce different results.
The relative ash content of the forage samples rose appreciably 
during treatment. Untreated samples averaged 5.47, ash, while treated 
samples averaged 21X. Most of this increase may be attributed to the 
residual inorganic salts (mainly NaCl) that resulted from the neu­
tralization process. The sample was not washed after treatment.
The level of residual NaCl was obviously not high enough to seriously 
inhibit microbial growth (as the _In Vitro analyses show).
Ash content gave a negative correlation in the untreated case, 
and a positive correlation in the treated case. This was interpreted 
to mean that a reasonable amount of residual inorganic minerals and 
salts actually contribute to enzymatic activity and cellulose diges­
tion. The specific level, however, was not determined.
The significant effect of cellulose crystallinity upon cellulose 
bio-degradabil ity has been pointed out by Baker, t^ t, al_. (5) and 
o thers.
Crystallinity index generally increased upon treatment. The 
samples with high initial C.I.’s changed less than those with low 
initial C.I.'s upon treatment. This would seem to indicate that th^ 
crystallinity index reflected a relative crystallinity measure of 
the whole sample, and not just its cellulose fraction. Substances 
such as protein, fat, and lignin, which were depleted from the sample
more rapidly than fiber probably contributed to the amorphous frac­
tion reported. Their removal raised the relative cellulose content 
and probably resulted In the increased crystallinity index.
The crystallinity index generally changed very little when the 
substrates were fermented. This was surprising in view of the com­
monly held theory that the amorphous portions of the cellulose are 
preferentially attacked by microorganisms. It Is possible that the 
use of the whole forage as an x-ray sample caused a blinding of the 
cellulose crystalline reflection bands sufficient to make small 
crystalline changes undetectable.
The crystallinity index was correlated negatively in both un­
treated and treated correlations. It had a higher negative correla­
tion in the untreated case than in the treated. This would indicate 
that cellulose digestibility Is an Inverse function of crystallinity 
and is more effected by crystallinity in the untreated than the 
treated case.
Ce1lulose Digestion - Microbiologica1 Techniques
Concurrent with the study of chemical treatment techniques was 
the isolation of a pure strain of cellulolytic bacteria.by Dr.
V. R. Srinivasan and Y. W. Han in the Department of Microbiology.
The activity of these bacteria showed increased breakdown of treated 
ce1lulos ics.
The isolated strain of cellulose utilizing organism was a small, 
Gram negative, non-motile, rod-shaped bacterium. It developed small 
bluish, transparent colonies when grown on nutrient agar. It was 
catalase positive, and was capable of hydrolysing gelatin slowly,
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and attacked cellulose. In Table II-9 the morphological and cultu­
ral characteristics of the Isolated strain were compared with two 
similar bacterium described In Bergey's Manual.
From Figure II-3 it Is seen that the cellulolytic enzyme system 
had optimum activity around pH 5.5. The active pH range, however, 
extended from about 4.5 to over 7.0. It is felt that the stability
of the enzyme extends to well over pH 8.0 due to behavior of cul­
tures where pH was raised almost to pH 9.0 for short periods of time 
with no apparent enzyme destruction. Also from Figure II-3 it is 
seen that organism growth was optimum in the broad range of pH 6.0 - 
8.0. It should bp noted,’ however, that the amount of growth reported 
in Figure II-3 is not necessarily indicative of the rate of growth 
at the different pH levels.
The organism could utilize many different kinds of cellulosic 
materials and substrates. Table 11-10 shows digestibilities of 
eleven different natural, treated, and regenerated cellulosics. It 
is noted that treated or regenerated materials exhibited better bio- 
degradabilitles than did the native, untreated cellulosics. The 
marked difference between the activity of the organism on treated 
and untreated Sorgo bagasse shows the same trend as was noted in the
preceeding _In Vitro fermentation work. Table 11-11 shows the effect
of alkaline-oxidation treatment of varying degrees of severity upon 
cellulose digestion by the organism. While the per-cent cellulose 
digested obviously increased with severity of treatment it must be 
remembered that the amount of substrate lost or destroyed during 
treatment also increased.
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The kinetics of growth of the organism In the laboratory are 
shown In Figure II-4. It was noted that the activity in the medium 
of extracellular cellulase Increased sharply at the end of the log 
growth phase. Srinivasan and Han (6,7) have noted that since the 
organism Is capable of hydrolyzing cellulose even during the log­
arithmic phase of growth It is reasonable to assume that the enzyme 
is either intramurally located or attached to the cell wall and la 
released Into the medium due to transformation of the cell wall at 
the end of the logrithmic phase.
After the sharp increase in cellulolytic activity occurred, an 
abrupt leveling off and Eventual decline in activity followed. How­
ever, the level of protein released into the media maintained a 
steady Increase. It is possible that the stability of the enzyme 
is dependent upon being bound to the cell surface and the release 
of the enzymes by the cell may cause their eventual inactivity. How­
ever, the abrupt change in the activity curve makes an explanation 
dealing with feedback, or end product inhibition more attractive.
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C H A P TE R  IV 
P I L O T  U N I T  A P P A R A TU S  AND PROCEDURES
Chemlca1 Treatment - Apparatus
The alkaIine-oxidation treatment process used in the chemical- 
microbial pilot unit was designed to accomplish the same results 
obtained by the previously discussed laboratory treatment process. 
However, the pilot unit process was designed to handle a larger 
volume of material on a continuous flow rather than batchwise basis. 
Although the continuous chemical pre-treatment unit was never syn­
chronized to run concurrent with the fermentation unit it was de­
signed for easy conversion to this type of operation.
Because of the novelty of the process and the host of process­
ing variables it was decided to limit all treating and fermentation 
runs of the L.S.U. pilot unit to one substrate. The substrate 
chosen was whole, undried sugar cane bagasse. Bagasse represented 
a readily available and rather characteristic low-grade cellulose 
waste material. This material was obtained in undried 200 lb. 
bales from the Audubon Sugar Factory on the Louisiana State Univer­
sity campus. Several bales were stored indoors at ambient conditions 
at the end of the December 1967 grinding season, and material from 
these bales was used for all pilot unit work. Very little rotting 




The composition of the raw bagasse was approximately the same 
as reported in the proximate analysis of Table II-2. A partial 
component analysis was determined for the bagasse used in each 
treatment run. The methods of this component analysis appear later 
in this section.
Figure IV-1 is a simplified flow diagram of the chemical treat­
ment section of the pilot unit. Not shown is a rotary knife cutter 
used for bagasse size reduction. Bagasse was ground through a per­
forated plate screen with 1/8" diameter holes. The solids weigh
feeder and hopper (A) was a continuous rubber belt weigh feeder.
3
The hopper held about 8 ft. of ground bagasse. The ground bagasse 
had a tendency to bridge and had to be periodically agitated to 
permit free flow. This probably could have been remedied by a 
mechanical agitator or live bottom hopper.
The solids flow from the weigh feeder belt fell into the alkali 
solution slurry tank (B). This tank was a 22 gal. open-top tank of 
polyethylene construction. Its contents were agitated by a 4" dia. ,
3 bLade propeller on a 1/2" shaft driven by a variable speed air 
motor. Both shaft and propeller were epoxy coated steel.
An elevated alkali solution storage tank (G) fed into the slurry 
tank through a 3/8" polyethylene line with a pinch-clamp regulator 
valve. The alkali solution storage tank was an open-top, 55 gal., 
epoxy coated steel vessel with a tight fitting wooden cover. Feed 
into the slurry tank was by gravity flow.
The alkali treating solution was 107. by weight NaOH obtained 
from 76X flake caustic; with CoCl^ added as an oxidation catalyst.
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Figure IV-1




The bagasse-alka11 solution slurry was continuously pumped out 
of the slurry tank through a 1/2" polyethylene line by a 1/2 H.P.,
4" monel centrifugal pump. The slurry leaving the pump ran through 
a 1/2" polyethylene line to the solid-liquid separating device (C). 
The piping pattern here led the slurry through a tee positioned over 
the separator screen belt with the in-line flow returning continuous 
ly to the slurry tank. The side run of the tee led through a flow- 
rate controlling pinch clamp onto the moving screen belt of the sepa 
rator. The flow-rate of slurry onto the draining screen could be 
adjusted by a controlled splitting of the flow through the tee.
Figure IV-2 shows the solid-liquid separator and the radiant 
oven (D in Figure IV-1) in more detail. The solid-liquid separating 
unit was a 5" wide 316 stainless steel wire belt (No. 20 mesh) run­
ning around a spring-loaded wooden tension roll and between two 
spring-loaded rubber squeeze rolls. The excess caustic that did not 
drain off the screen was expelled by the squeeze rolls. The pres­
sure of the squeeze rolls could be varied to remove more or less 
liquid from the cellulosic solids. The alkaline treating solution 
draining through the screen and expelled by the squeeze rolls was 
collected in a drip-pan and returned to the slurry tank through a 
1/2" polyethylene line by gravity flow. The cellulosic solids 
emerged on the dry side of the squeeze rolls as a damp 3" to 4" wide 
1/8" thick mat. Thi9 was cut from the screen on the bottom squeeze 
roll by a fixed teflon doctor blade. The solids mat then fell into 
an epoxy coated steel spreading hopper that fed the moving screen 
belt of the oven. An adjustable gate at the front of this hopper
permitted control of the thickness of the load on the oven belt.
)
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R a d i a n t  O v e n  D e t a i l
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Numbering Key for Figure IV-2
1. V  dia. w o o d e n  idler roll, 6" long, s p r i n g - l o a d e d
2. Stainless steel drlp-pan with liquid return line
3. Rubber squeeze rolls, 2" dia., spring-loaded
4. Belt feeding hopper, adjustable weir at front
5. 6" dia., stainless steel oven belt drive roll
6. 3/4 11. P. electric motor with variable speed gear box 
assi .inly and drive sprocket
7. Drive motor switch
8. H e a t e r  c o n t r o l l e r  timers
9. Air inlet controlling needle valves
10. Treated cellulosic collecting vessel
11. Oven belt idler roller, 6" dia., stainless steel
12. Radiant heating elements
L3. Hinged, heating section cover
14. 8" wide, No. 20 mesh, monel screen oven belt
15. Galvanized sheet metal drip-pan
16. 5" wide, No. 20 mesh, 316 stainless steel, solid-liquid 
separator screen
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The radiant oven (Figure IV-2) had an 8" w i d e  monel screen belt 
(No. 20 mesh) that was driven by a 6" dia. 316 stainless S t e e l  roll, 
and ran around an Idler roller of the same size at the opposite end 
of the oven. The belt had a 10 ft. forward travel, 8 ft. of which 
was In the heated section of the oven. The oven heaters were six
radiant elements placed In three lengthwise banks of two each. The
(3
heaters were Chromalox type RAD-3113, 1100 watt, 120 volt, far- 
infrared elements with polished parabolic reflectors. Each heater 
had a total heated length of about 23". When the hinged top sec­
tion of the oven was in place the elements were about 4" above the 
screen belt surface. Th6 height of the heating elements above the 
belt was adjustable. They were adjusted so that the reflectors 
focused the radiant heat equally across the width of the 8 in. wide 
lie It. Each of the three banks of two heaters was controlled by a
QChromalox type VCF input controller rated at 22 amps. The control­
lers were cycling timers operating on 30 sec. cycles. From zero to 
1007o of this cycle could be selected for the heaters to be 'on line'. 
The mass of the radiant elements smoothed out the pulses and resulted 
in a characteristic, even temperature for any setting selected.
Spaced along the heating section were four air sparge cubes. 
These were 1/4" stainless steel tubes that extended perpendicularly 
across the 8" wide screen belt and were about 1 1/2" over the sur­
face of the screen. Holes of 1/32" dia. were spaced at 3/8" inter­
vals along the bottom of the tubes across the width of the belt. 
Compressed air was bled into the tubes and onto the belt through 
four needle valves. Adjustment of the air flow rate permitted
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control of the air, and thus, oxygen, admitted to the oxidation 
chamber.
The mono 1 screen oven beLt was driven off a chain drive from 
a variable speed gear box on a 3/4 H.P. electric motor. Belt linear 
speed could be adjusted to give residence times in the heating sec­
tion of from 2 to 10 min. The drive roll of the liquid-solid sepa­
rator was driven off the same motor, and its speed was synchronized 
with oven belt speed to produce the correct amount of feed material 
for any belt speed selected.
When the material on the oven belt emerged from the heating 
section it passed over the idler roll and was removed from the 
screen by a fixed scraper blade. This material was collected in 
the treated cellulosic receiving tank (F in Figure IV-1). This 
vessel was a 22 gal., open-top, polyethylene tank. The treated ma­
terial was then stored for later use in closed polyethylene drums.
The flexibility of operating variables such as air flow, tem­
perature, residence time, and amount of material treated that was 
given by the chemical treatment unit permitted a controlled oxida­
tion of the cellulosic with minimum total oxidation or charring.
The specific settings of the operating variables will be reviewed 
later.
Chemical Treatment - Procedures
The bagasse to be treated was removed from the bales and ground 
through a 1/8" screen in the knife grinder. Normally all b a g a s B e  to 
be used during a treatment run was ground at one time, usually on the 
day previous to treatment. The ground bagasse was placed in the
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hopper of the continuous weigh feeder. This hopper was refilled 
after about three hours of operation of the unit. Samples of 
ground, untreated bagasse were periodically taken from this hopper 
for moisture determination. Table IV-1 gives weight percent mois­
ture in bagasse samples for seven different treatment runs. These 
values were determined by placing a weighed amount of sample 
(usually 40 to 60 gms.) in a Dietert Detroit Moisture Teller (a 
forced heated air type dryer) and the samples were dried for 15 
rain. At the end of the drying cycle the sample was removed and 
reweighed. The difference between the two weights was taken as 
the amount of moisture vAporized. Several tests using 30 and 45 
min. drying cycles showed that the sample reached a constant weight 
within the 15 min. cycle chosen for use. The wefght percent mois­
ture could then be calculated for the sample with the two weights 
ob ta ined.
The alkali treating solution slurry tank was filled with about 
16 gal. of alkali solution from the alkali storage tank. The initial 
alkali solution was clear and transparent before introduction of 
bagasse. The oven belt drive was started and the oven heaters 
turned on and allowed to warm up to operating temperature.
The raw, ground bagasse was then metered from the continuous 
weigh feeder in£o the slurry tank. The slurry concentration was 
allowed to reach about 57, by weight solids before the slurry pump 
was started. The slurry was agitated at all times. Upon addition 
of the bagasse the liquid treating solution became darker and darker 
in color. At the end of the treatment run the solution was very
Table IV-1
Chemical Treatment Operation Data
Run No.--------- 1 2 3
5,6,7 
Avg.
Moisture in untreated bagasse (%) 32.2 27 10 8-10
Free moisture in alkali bagasse into oven (%) 65.4 64. 5 55.5 52.9
Free moisture in alkali bagasse out of oven (7=) 31.9 48 47 37.5
Heating element controller settings
(7. of cycle power on ) Bank 1 80 90 90 90
Bank 2 80 80 80 90
Bank 3 70 80 80 90
Residence time in oven (min.) 5.1 5.1 5.1 4.0
Estimated wt, % charred -J —5 Trace Trace
NaOH (conc. of treating soln, - wt. 7.) 10 10 10 10






When the solids content of the slurry built up to about 37.
by weight the slurry pump was started and slurry was allowed to
circulate through the solid-liquid separator feed line and return 
to the slurry tank. When the slurry circulation was steady, the 
pinch clamp on the separator feed line was opened, and slurry was 
fed onto the moving screen belt of the separator. With the flow 
rates generally used, the solids had average residence time in the 
slurry tank of from 20 to 40 minutes.
The tension on the loading springs of the rubber squeeze rolls
of the separator was adjusted so that the solids emerged on the dry
side of che rolls as a continuous mat from 3" to 4" wide. The 
liquid removed from the solid bagasse was collected In the drip- 
pan of the separator and recycled to the slurry tank.
The solids emerging from the squeeze rolls had a faint gel­
like appearance, and adhered together well enough to keep the emerg­
ing mat in a continuous sheet 3" to 4" wide and about 1/8" thick. 
Samples of this material were taken periodically and free moisture 
determinations were made on them in the same manner as described 
for the untreated bagasse. These values are given in Table IV-1.
The squeezed solids mat emerging from the rolls fell into the 
oven belt feed hopper. The mat was broken up by the action of the 
moving screen of the oven belt. The adjustable gate at the front 
of the hopper was set to about 1/2" height. Usually, however, only 
flat pieces of the 1/8" mat passed under the gate and into the oven 
heating section.
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At this time the needle valves of the air sparge tubes were 
opened to allow a small air bleed through each of the four tubes.
Belt speed and heater controller settings were adjusted to 
give the residence time and temperature in the oven heating section
I
that gave maximum controlled oxidation with minimum product charring. 
These settings are given with estimated charring data in Table IV-1. 
The procedure for the adjustment of variables was done as follows:
1. Arbitrary settings of feed flow rate and air sparge 
rate were made.
2. Belt speed and heater control settings were made so 
that charring would occur inside the oven heating 
section. (A "charring zone", usually about one foot 
long, would develop somewhere along the heated length 
of the belt. Ignition and charring of the product 
could be seen in this zone.)
3. Either heater controller settings were cut back on 
the last bank of heating elements, or belt speed 
was increased to effectively move the hypothetical 
"charring zone" to just outside the outlet end of 
the oven heating section.
With this procedure some of the smaller pieces of bagasse fed
to the belt continued to char, but the maximum controlled oxidation
r
of the bulk of the feed material was assured.
The temperature of the material moving through the heating sec­
tion rose rapidly under the first bank of heaters to about 1048C 
(B.P. of 107. NaOH) . Evaporation of moisture concentrated the caustic
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solution remaining and temperature rose to between 125° - 140°C be­
fore the material exited the heating section. If the moisture con­
tent of the material ever became too low the bagasse would char 
very rapidly. Therefore, a positive moisture level was maintained 
in the material exiting the heating section. Samples of the mater­
ial leaving the oven were periodically tested for free moisture; 
these values are reported in Table IV-1. The procedure for free 
moisture determination was the same as for untreated bagasse.
The treated bagasse was cut from the oven belt by a fixed 
scraper blade, and fell into the product collection vessel. The 
material was stored for later use in polyethylene vessels with close 
f i 11 ing 1 ids.
It was noted that if the treated material was left open to air 
at ambient conditions for a period of 3 to 4 weeks the bagasse would 
get crumbly and powderish. X-ray diffraction photographs of treated 
material showed a decrease of the crystalline index of the treated 
bagasse with time left open to air (see Table V-3).
The degree of cellulose polymerization was determined on treated 
and untreated samples of bagasse. The TAPPI method T-230 (viscosity 
cf a 0.57o curiethylenediamine solution) was used for this determina-
I
tion. Table V-4 shows the results of this test.
An analytical procedure was developed for measurement of the 
important components of treated and untreated bagasse. The follow­
ing values were determined: free moisture, NaOH in sample after
treatment, bagasse after water extraction, water soluble carbohydrate, 
water insoluble carbohydrate, other insolubles, and total carbohydrate
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in sample. The analytical procedure was as follows:
Treated Bagasse:
1. 200 gms. of treated bagasse was placed in a Dletert 
Detroit Moisture Teller and dried for 30 minutes.
2. Weight of the bagasse out of the dryer was obtained.
3. Bagasse was slurried in 2 liters of water in a 4 
liter stainless steel beaker.
4. The beaker was placed on a magnetic stirrer - 
heating plate and a teflon covered stirring bar 
inserted into the slurry.
5. The slurry was Heated to 80°C with continuous 
agitation for 2 hrs.
6. The slurry was neutralized with hydrochloric acid 
to pH 7.0. Moles of acid added were recorded. A 
Leeds and Northrup pH meter was used for pH
de termina tion.
7. Slurry was filtered by vacuum in a Buchner funnel 
through coarse filter paper coated with filter-aid. 
Both filter paper and filter-aid were pre-weighed.
8. The filter paper and complete filter cake were re­
moved from the Buchner funnel and placed in a 
vacuum oven at 80°C and 25"Hg. vacuum with a small 
air bleed until dry.
9. The filtrate was re-made to 2 liters by addition of 
water.
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10. After the filter cake was dry its weight was re­
corded. The weight of the filter paper and filter- 
aid was subtracted. The remainder was taken as the 
weight of bone-dry bagasse after water extraction.
11. A small piece of the dried bagasse was removed from 
the filter cake and the concentration of insoluble 
carbohydrate was measured by the phenol-sulfuric 
acid method modified for Insoluble carbohydrate 
which is described in Appendix E.
12. A sample of the filtrate was taken, and concentra­
tion of soluble carbohydrate was determined by the 
phenol-sulfuric acid method described in Appendix D.
Untreated Bagasse:
The procedure for analysis of untreated bagasse was iden­
tical to that for treated bagasse with the exception of 
Step 6, which was deleted.
The values for the component analysis were then calculated 
from the data obtained in the above procedure. Appendix C gives 
the sample calculations for the analysis of a treated bagasse 
sample. The values for the component analysis of untreated bagasse 
are given in Table V -1; those for treated bagasse in Table V-2.
Fermentation - Appara tus
Investigation of the fermentation of cellulosic materials by 
cellulose degrading bacteria was carried out at the pilot unit at 
L.S.U. and at the fermentation facilities at the Biological Sciences
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Laboratories of Oak Ridge National Laboratory. The apparatus that 
will be described in detail here is the fermentation equipment of 
the pilot unit at the Baton Rouge campus of Louisiana State 
University. A short descriptive sunmary of the equipment used at 
Oak Ridge is also included.
Figure IV-3 is a simplified flow diagram of the pilot unit 
fermentation vessel and support equipment. Details of the fermenter 
are shown in Figure IV-4.
The fermentation vessel was a cylindrical tank of 22” inside 
diameter, 48" high. It was constructed of 3/6A" thick 316 stain­
less steel. The top was 1/8" 316 stainless steeL plate. Six 1/2" 
bolts were attached to the fermenter at equal radial intervals and 
were used to seal the fermenter top into the 3/8" thick black neo­
prene rubber top gasket. The fermenter top had three ports in ad­
dition to the outlet air port. One of these ports was sealed by 
a black neoprene rubber stopper with both a Q-LOO°C thermometer 
and the stainless steel, liquid filled tenqperature sensor probe 
used for temperature control passing through it. Another port was 
sealed by a neoprene rubber stopper through which passed either the 
inoculation line, or the continuous feed line. The third port was 
sealed with a rubber stopper through which passed the acid and base 
addition pH control lines.
The outlet air line exited the fermenter at the center of the 
top as a 1" line. The outlet air line led into an outlet air fil­
ter. An expanded section of 4" pipe, one foot long and packed with 
fiber-glass acted as the outlet air filter. All air exited the
90
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Numbering Key for Figure IV-3
1. Condensate knock-out vessel for compressed air line.
2. Air pressure regulator.
3. H g C ^  solution, packed column air scrubber.
4. Fiber-gLass air filter.
5. Main aij; line (80-100 ps ig) .
6. Steam line (28 psig saturated steam).
7. Temperature indicator-controller.
8. Rheostat for heating tapes.
9. pH meter.
10. Acid reservoir for pH control.
11. Alkali reservoir for pH control.
12. Pilot unit fermenter (194.1 liter).
13. Insulated heating section.
14. Water jacket.
15. Air flow rotameter.
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fermenter through this filter.
The fermenter had three outlet ports at or below the liquid 
operating level. The top-most outlet was used as a level ccntrol 
overflow outlet for continuous feeding operation, and was fitted
with a sight glass for level indication for batch fermentation runs.
/
This port was about 4" below the top of the fermenter. The second 
outlet was used as a sample port. It was 20" below the fermenter 
top and 16" below fermenter liquid operating level. It was com­
posed of a neoprene rubber stopper through which passed a 3/8" 
stainless steel tube. The sample tube was about 5" long, and was 
valved off by a length of gum rubber tubing and a pinch clamp. The 
third outlet was used as a tank drain, and was closed by a rubber
I
stopper when not in use. It was located about 1" above the tank 
hot tom.
Probes for pH monitoring were inserted in two ports in the 
vessel about 3" apart and 10" below the top of the fermenter. The 
pH probes were inserted into the vessel at about a 10° downward 
angle so electro lytic solution would always cover the probe sensor 
elements. The probes were sealed in the ports by neoprene rubber
<3stoppers. The pH probe signal was fed into a Leeds and Northrup 
indicating scale type pH meter.
Mid-way down the fermenter the vessel was circled by three 4' 
long resistance type electrical heating tapes. The tapes were 
covered with asbestos cloth insulation of 1/8" thickness. The 
heating area was then covered with 2" of aluminum foil-backed fiber­
glass insulation. The leads of the heating tapes were connected in
94
parallel with a power supply from a 120V, lOamp rheostat. The 
power supply line to the rheostat came from the load connection 
of a Fenwal on-off indicating temperature controller. The sensing 
element was a liquid filled bulb that entered the top of the fer­
menter, The power supply for the controller was 120V, 30amp line 
current. The controller had an adjustable position contact which 
was synchronized with a set point indicator on the temperature in­
dicating scale. Temperature range on this instrument was -27° to 
120°F. The heaters when run at maximum voltage drew about 900 watts 
of power.
The fermenter was set into an open-top wate. and ice jacket of 
30" diameter and 24" depth. The jacket was fabricated of galvanized 
sheet metal and had openings for the fermenter air sparge line, the 
fermenter drain outlet, and a jacket drain port.
The fermentation vessel Internals were of a draft-tube type 
configuration. The draft-tube assembly itself was an 8" diameter, 
316 stainless steel tube of 3/64" wall thickness. It was 36" in 
total height with 5" clearance off the fermenter bottom and 7" 
clearance from the top of the vessel. The liquid level was 2" to 
3" over the top of the draft-tube when the vessel was filled to 
the operating level. The draft-tube was supported by three stain­
less steel legs.
The sparge tube for air and steam addition to the vessel was 
a ring of 18" diameter fabricated of 3/8" stainless steel tubing. 
This ring was positioned in the annulus between the draft-tube and 
the fermenter wall, and was about 2" above the bottom of the vessel.
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Holes of graduateddiameter and spacing wore drilled In the top of 
this ring. The size and spacing of the holes were designed to 
distribute air equally around 360° of the ring.
When the fermenter was filled to operating level,air sparged 
into the vessel through the ring caused internal circulation as 
shown in Figure IV-5. The internal circulation pattern of flow up 
the annulus and down the center draft-tube minimized the foam accumu­
lation, and served to keep the slurry well-mixed and homogeneous.
The solids remained in suspension quite well above an air sparge 
rate of about 15 liters/min.
its the air sparge rate was increased the air displacement 
caused a decrease in the fermenter working volume as shown in 
Figure IV-6. The standardization curve for the rotameter used to 
measure air flow rate is shown in Figure IV-7. The working volume 
of the fermenter was 194.1 liters with zero air 3parge rate. This 
decreased to about 191.5 liters with an air sparge rate of 34 liters/ 
min. , or 1007, of rotameter capacity.
The air feed tube to the sparge ring ran through a tube fitting 
in the fermenter wall and extended on the outside through the water 
jacket to a tee. Both runs of the tee ran through 3/8" needle 
valves. One run was connected to a steam baffle with 28 psi steam. 
The other run was a 1/4" polyethylene line to the outlet end of 
the air rotameter.
The process air was obtained from a large compressor with an 
outlet pressure cycle of 80 to 100 psi. The air from the compressor 

















Figure IV-6, Pilot Unit Fermenter Working Volume 
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was packed with metal turnings and ceramic raschig rings. A con­
densate blow-down valve was located on the bottom of the pot. The 
process air exited the top of this vessel and ran through a spring 
loaded diaphragm-type gas pressure regulator. The pressure regula­
tor smoothed the air pressure fluctuations and permitted a constant 
air flow rate to the fermenter; it was also used as the primary air 
flow rate control device. The air ran from the regulator into the 
bottom of a packed scrubbing column. This was a glass column of 
4" I.D., 15' tall, packed with small stones to a height of 13 feet. 
The column was filled to within 6" of the top of the packing with 
a 17. by weight H g C ^  solution. This solution had strong bacteri- 
acidal power and served to sterilize the process air. The air 
exiting the scrubber flowed through an entrainment filter packed 
with fiber glass. The air then flowed to a steam sterilizable air 
filter. This filter was a cylindrical vessel 10" in diameter, and 
30" high. It had needle valve connections 2” from the bottom for 
entrance of process air and 28 psi steam. A blow-down valve on the 
bottom could drain condensate when necessary. A metal screen 4" 
from the bottom served as support for the filter packing. The 
filter was packed with 2" thick layers of fiber-glass up to the 
top screen 2" below the top of the vessel. Valves on the top of 
the vessel permitted air to be fed to four separate lines. Air 
for fermenter sparging exited the filter through one of these valves, 
and was fed to the rotameter.
Other equipment was used during harvesting of the fermenter 
that does not appear in Figure IV-3. A small plate and frame
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filter with 10 plates and 9 frames plus end frames (all 6"x6" fil­
ter area) was used for separation of the insoluble cellulose before 
cell harvesting. A low speed solid bowl centrifuge with open top 
and horizontal bowl was sometimes used for cell floe or insoluble 
cellulose separation. A DeLaval Gyrotester with a continuous 
flow bowl was used for cell separation. The same centrifuge was 
used in the sample analysis procedure with a batch-type bowl. A 
50 gal. stainless steel open-top tank was used at times for cellu­
lose or cell precipitation. A vacuum oven was also available for 
all product drying.
A batch-type, pyrex glass seed fermenter was used in later 
runs to grow the one liter inoculum obtained from the Department 
of Microbiology to 20 liters of seed culture for the 199.1 liter 
vessel. The seed vessel, shown in Figure IV-8 was a pyrex glass 
bottle of 40 liter capacity. A large rubber stopper was used to 
seal this vessel. A length of 1/4" stainless steel tubing ran 
from 1/2" above the bottom of the vessel, through the rubber stop­
per, and into a tee. One run of the tee was connected through a 
needle valve to the sterile air supply; the other run was connected 
to the 28 psi steam supply. A second, short piece of 1/4" stain­
less steel tubing ran through the stopper and into the air space 
above the liquid level. It was closed on the outside by a length 
of tygon tubing and a pinch clamp. A third, short piece of tubing 
ran from the air space, through the stopper and into a fiber-glass 
packed outlet air filter. Air introduction into the bottom of the 
vessel through the sparge tube provided all necessary agitation.
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Figure IV-8. 20 Liter Seed Fermenter
The entire assembly was set into a stainless steel tank. The tank, 
filled with water, served as a temperature control bath for the
seed vesse 1.
The fermentation facilities at Oak Ridge National Laboratory 
were made available by the United State Atomic Energy Commission 
and Union Carbide Corporation.
Three New Brunswick^* batch fermentation units of 10 liters 
each were used for fermentation of cellulosics. These units were 
equipped with pH, aeration, agitation, and temperature monitoring 
and control devices. The cultures grown in these units were used
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as inoculum for a 325 liter fermenter. The 325 liter unit had 
monitors and controls for pH, aeration, agitation, and temperature, 
and an optical density monitor and recorder. The cells from cul­
tures grown in the 325 liter unit were harvested by centrifugation
(a
in a C-26 Sharpies Super centrifuge. Insoluble cellulose was re­
moved from the culture media by settling in two 100 gal. polyethy­
lene tanks. The harvested cells obtained from the centrifuge were 
lyophilized in a large tray-type, freeze-drying unit.
Feimentat ion - Procedures
The operating conditions and procedures for operation of the 
L.S.U. pilot unit fermenter, the three 10 liter New Brunswick 
units, and the 325 liter fermenter at Oak Ridge will be discussed 
below. Analytical procedures will be summarized, and harvesting 
operations covered. The operation of the L.S.U. pilot plant will 
be treated in more detail. The general operational procedures for 
the other vessels should be taken to be the same as for the L.S.U. 
unit unless specific exception is made.
L.S.U. Pi1ot Unjt Fermenter
A 1 liter shake-flask culture of the Cellulomonas sp. bacterium 
was grown on appropriate nutrient salts and filter paper in the 
L.S.U. Department of Microbiology. This culture was used as the 
inoculum for the 194.1 liter pilot unit vessel on runs LSU-1 through 
LSU-5. In runs LSU-7 and LSU-8 this one liter culture was used as 
the inoculum for the 20 liter seed fermenter, which in turn was used 
as inoculum for the 194.1 liter vessel. Operating procedures for
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the 194.1 liter vessel will be discussed utilizing the 20 liter seed 
fermenter; the procedure for runs LSU-1 through I.SU-5 was the same 
with the exclusion of the seed fermenter procedures.
While the 1 liter inoculum for the fermentation was being pre­
pared, treated bagasse was removed from the storage containers and 
the appropriate amount was weighed out for the initial pilot unit 
vessel media. Carbohydrate loadings varied from 3.7 to 4.5 grams 
per liter of initial media (see Table V-5). Nutrient saltB were alBO 
weighed out according to the concentrations shown in Table IV-2.
Table IV-2
Inorganic Salts for Ce1luioraonas Media
NaCl 6.0 gms./1 iter






0. 5 gms./1 iter
MgS04 0. 1 gms./liter
CaC 12 0. 1 gms./liter
The treated bagasse and nutrient salts were then added to the 194.1 
liter vessel and slurried with about 150 liters of water. The caus­
tic in the treated bagasse usually brought the pH of the Blurry to 
between 11 and 12. The fermenter top was placed on the vesBel and 
bolted in place.
Thirty grams of filter paper was chopped into 1/2" squares and 
added to the seed fermenter. Nutrient salts were weighed out for 
20 liters according to the loadings In Table IV-2, and were added
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to the seed vessel. About 1.0 gram per liter of yeast extract was 
added to the seed fermenter medium. These components were then 
slurried by addition of 15 liters of water. Several drops of sili­
con based antlfoaming agent were added. The top of the seed vessel 
was fixed in place, and the steam line valve opened to inject liwe 
steam into the vessel through the sparge tube. At the same time 
steam injection was started on the pilot unit vessel. Steam was 
also turned on into the fiber-glass air filter and allowed to bleed 
back through the air line, through the rotameter, and into the fer­
menter. The temperature of the seed fermenter usually reached 10D*C 
in about 45 minutes. The seed vessel was allowed to remain at 10Df*C 
for an additional 30 minutes. The steam was then stopped on the 
seed fermenter and air line filter. The condensed steam normally 
brought the seed fermenter volume up to about 20 liters. Condensate 
was blown out of the air filter and air was admitted to it from the 
scrubbing column. Air was slowly sparged into the seed vessel to 
maintain a slight positive pressure during cool down.
Water and ice were added to the bath containing the seed fer­
menter. Ice was added as needed to bring the temperature down to 
about 30°C. The water was then drained from the bath. The 1 liter 
inoculum culture was then added to the seed fermenter and the air 
sparge rate adjusted to about 5 lit./min.
The pilot unit fermenter was heated by steam injection to lC 'D r C 
in about one hour. It was kept at 100°C for an additional 30 trimates. 
After this time the steam valve to the sparge tube was closed, and 
the air valve was opened slightly to allow a small air sparge rate to
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maintain positive pressure throughout cool-down.
Water and Ice were added to the vessel jacket, and Ice was 
added as needed to bring the temperature of the contents to around 
30°C. During cool-down 307, technical grade HC1 was added through
the acid addition Inlet tube to bring the pH of the media down to
7.0. The weight of NaCl generated from neutralization of the KaOH 
remaining in the treated bagasse was calculated and recorded on the 
data sheet for each run (Appendix G). Steam condensed during the 
heating cycle was usually sufficient to bring the contents of the 
pilot unit fermenter up to about 170 liters. Cooling time for the 
pilot unit vessel was from three to six hours. Neutralization and 
final cooling of the pilot unit fermenter were done just prior to 
inoculation to lessen the chance of contamination.
The culture in the seed fermenter was allowed to grow for from 
24 to 72 hours before addition to the pilot unit vessel. For inocu­
lation of the 194.1 liter fermenter the seed fermenter was unhooked 
from the air supply and placed on a stand above the pilot unit fer­
menter. A length of tygon tubing that had been rinsed in disinfec­
tant solution and distilled water was connected to the air sparge
line of the seed vessel. The other end ran through a rubber stopper 
into the pilot unit vessel. A siphon was started, and the 20 liters 
of seed culture drained into the 194.1 liter fermenter. The siphon 
tube and stopper were removed, and a sterile rubber stopper used to 
reseal the pilot unit fermenter. Air sparge rate was adjusted at 
the desired setting by adjustment of the air pressure regulator.
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The automatic temperature control device was turned on and 
set to maintain the desired temperature for the run.
In runs LSU-3 and LSU-4 the pilot unit vessel was run with 
continuous feed flow for short periods of time. A 55 gallon epoxy 
lined tank was filled with nutrient salt, treated bagasse, and 
water slurry at the same composition as the original fermenter media. 
This tank was continuously agitated, and fed by gravity flow through
a level control valve into an agitated constant head Lank of about
20 gal. capacity. A centifugal pump drew the slurry out of this 
tank and circulated it through an automatic valve arrangement that 
was set to feed timed pulses of slurry feed to a neutralization 
tank. Controlled MCI addition in the agitated, polyethylene, 2 gal. 
neutralization tank brought the pH of the slurry to around 7.0.
This tank fed through an overflow line to the fermenter. The volume 
of the fermenter was controlled by an overflow harvesting stream 
which fed into a 50 gal. stainless steel tank.
The contents of the pilot unit fermenter were sampled and ana­
lyzed periodically during the run. The fermenter sampling and ana­
lysis procedure that was used is given below.
1. About 50 ml. of culture was drawn from the vessel
through the sampling valve. The valve was cleaned
with live steam before and after each sampling.
The sample was drawn rapidly to preserve hooogenelty 
of the slurry sample.
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or
02. The sample was filtered through Reeve-Angel Ko. 202 
filter paper In a 100 ml Buchner funnel over a filter 
flask to remove Insoluble cellulose. Organism* 
passed through the filter, and remained in the 
filtrate.
3A. Two aliquots of the filtrate of 10 ml. each were
0placed in graduated DeLaval Gyrotester centrifuge
tubes.
3B. An aliquot of the filtrate was placed in a cuvette
with a 1 cm. light path and its optical density
0read at 560 mp, in a Beckman variable range 
spectrophotometer.
4. The two samples (of Step 3A) were placed in the
0centrifuge tube head of a DeLaval Gyrotester 
and centrifuged at full speed (12,400 rpo) for 
4 minutes.
5. Supernatant liquor from the two tubes was decanted 
and mixed. The clear liquor was placed in a num­
bered, capped test tube and placed in a refrigerator.
6. The cells in both tubes were resuspended in 10 ml. 
of 0.8 N NaCl solution.
7. The cells were centrifuged again at full speed In
0the Gy rotester for exactly 3 minutes.
8. The volume per-cent solids was read from the centri­
fuge tube graduations for the two tubes. The read­
ings for the two tubes were averaged. This number
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was recorded as volume per-cent cell solids for 
that sample.
9. A standard curve (volume per-cent cell solids vs.
grams dry solids per liter of solution - Figure
IV-9) was used to convert volume per-cent measure­
ments to weight per unit volume values.
10. The concentration of soluble carbohydrate was de­
termined for the supernatant liquor of Step 5.
The phcnol-sulfuric ucid method given in Appendix D 
was used for the analysis.
11. The pH of tile media was determined from pH meter 
readings, and any necessary adjustments were made 
by addition of acid or base from the burettes above 
the fermenter.
12. The temperature was read from the thermometer in­
serted in the top of the fermenter, and any nec­
essary adjustment was made by re-setting the tem­
perature control mechanism.
13. The rate of air flow into the fermenter was read 
from the air rotameter, and any necessary adjust­
ment was made by re-setting the air pressure 
regulator.
Raw data obtained from each fermentation run is Included in 
Appendix G.
The culture media for several runs was harvested, and material 
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Figure IV-9. Volume Per-cent Cell Solids vs. Grams 
Dry Cells per Liter of Solution.
Fermenter air was turned off by closing the fermenter air valve and 
the pressure regulator air valve. The entire contents of the fer­
menter was pumped by a diaphragm pump through a plate and frame 
filter to remove insoluble cellulose. The organisms and some small 
cellulose particles remained in the filtrate. After the culture 
had been passed through the filter press the insoluble cellulose 
and residue "was removed from the filter and dried to constant weight 
The filtrate was collected in a stainless steel 50 gal. tank. In 
some runs the filtrate was brought to a pH of 2.5 to 3.5 by addition 
of HCl. In other runs this step was omitted. When the pH was 
lowered most of the cells formed floe and precipitated. The entire 
filtrate was then passed through a low-speed, solid bowl, continu­
ous flow centrifuge which removed most of the insoluble cellulose 
remaining and much of the cell floe in precipitated cultures. The 
overflow stream from this centrifuge passed into the continuous flow 
solid clarifier bowl of the DeLaval Gyrotester . This centrifuge 
removed all of the cell floe of precipitated runs, and many of the 
cells from unprecipitated cultures. Samples of the effluent from 
the last centrifuge were taken periodically, and effluent cell con­
centrations were determined as in Steps 4 through 9 of the fermenter 
sampling and analysis procedure. The solids collected in the bowls 
of both centrifuges were taken out and dried separately in a vacuum 
oven. The concentration of insoluble carbohydrate was determined 
for the filter cake, and for the solids obtained from each centri­
fuge. This was done by the analytical procedure given in Appendix E 
Crude protein determinations by the «cro-KJeldahl technique were
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made on the solids from both centrifuges by Dr. S. P. Yang of the
I.. S . U . Department of Home Economics. The concentration of soluble 
carbohydrate in Lhe effluent was taken to be the same as that re­
ported in the last ferraenter umple analysis. In this manner all 
carbohydrate and protein leaving the fermenter could be determined. 
From these values, and from knowledge of the original media and 
substrate loadings the fermentation efficiency ratios could be cal­
culated. These ratios are cal emulated on the run data sheets where 
applicable in Appendix G, and are tabulated in Table V-5.
Samples of the cell protein produced by this unit were sub-
0jected to amino acid assay on a  Spinco automatic amino acid ana­
lyzer by Dr. S. P. Yang of the fkpartment of Home Economics. These 
results appear in the run data sheets of Appendix G where appropriate.
Contamination of the cultures of runs LSU-1 through 8 caused 
variation in protein content axwi amino acid assay of the cells har­
vested. The extent of the variation may be seen by comparison of 
the amino acid assay of cells from run LSU-4 (in Appendix G) and 
Table V -6 (assay of pure Ce 1 lu 1 omiscLas sp. bacteria).
The data from each run were subjected to two graphical inter­
pretations (Figures V-l-24). The first graph was a plot of cell 
density and concentration of soluble carbohydrate (where available) 
versus time <'f fermentation. The second graph was a plot of log cell 
density versus time of fermentaiioo during log phase growth. The 
mass doubling time (t ) of t±te culture and the log phase, first
IDG
order growth rate constant were determined for each run by graphi­
cal interpretation of the second plot.
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Figure IV-10 shows a representative cell growth curve with cell 
density plotted versus time. In region A (the lag phase) cell den­
sity increase is negligible, although increase in size of Individual 
cells is usually occurring. Region B is the phase of logarithmic 
cell density increase. Cells in this region reproduce according to 
the first order kinetics of an autocatalytic reaction. In region C 
cell growth becomes limited by sane mechanism (substrate concentra­
tion decrease, or by-product buildup, etc.) and cell reproduction 
decelerates or ceases.
A representative plot of log cell density versus time is shown 
in Figure IV-11. Regions A, B, and C correspond to the same regions 
as noted for Figure IV-10. In region B the log plot shows a straight 
line function indicative of first order kinetics. Mass doubling time 
(t^^) is calculated from the graph of Figure IV-11 by the procedure 
given below.
It is assumed that the measurements of cell density plotted
along the ordinate are directly proportional and vary linearly with
actual dry weight of cells per unit volume of solution. A point
C is chosen at a low value of cell density, but still in the region
of logrithmic growth. The value Cq is then doubled to 2Cq . This new
value must also fall within the region of log phase growth. The
time necessary for this doubling is then read from the abscissa.
This time corresponds to the m s s  doubling time (t ) of the culture
md
during log phase growth. The first order growth rate constant (k) 




















Figure IV-11. Representative Graph * hog of Cell 
Density versus Time.
The derivation of this and other pertinent equations is given in 
Appendix F.
Calculations for mass doubling times and growth rate constants 
are presented with the respective graphs for Figures V-2,4,6,8,10, 
12,14,16,18,20,22, and 24. The values are tabulated in Table V-5.
New Brunswick - H) 1 iter Fermenters
(3
The fermentation runs in the 10 liter New Brunswick units at 
Oak Ridge were carried out using the procedure summarized below.
Three fermentation units were used; two were placed in one 
temperature control bath, and the third was placed in a separate 
bath. Air sparge rate and degree of agitation were variable with
@control mechanisms located on the console of the unit (New Brunswick 
Series SF-600). The three units were initially filled with the 
media shown in Table IV-3.
The units containing the media shown in Table IV-3 were placed 
in a steam sterilizer and subjected to 25 psi steam for a period of 
one hour. The units were removed from the sterilizer and placed in 
the temperature control baths of the fermenter console, and agitator 
drives and air inlet lines were connected. The units were supplied 
with fiber-glass outlet air filters and 1/16" teflon thief stream 
lines. The thief stream lines extended about half-way into the 
fermentation media, and were connected to gum rubber tubing which 
passed through peristaltic sampling pumps. The three pumps were 
operated from a three place stepping switch set for 30 sec. sampling
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Table IV-3 
Med la for 10 Liter Fermenters
Solka Floe (200 mesh) 100 gms.
NaCl 60 grns.
(NH4)2504 10 gms .




Trace Minerals 10 ml.
De-ionized Water 9 1i ters
Growth Promoting Substances Added as Noted on Run 
Data Sheets of Appendix G.
time per cycle per unit. The three sampling pumps pumped the thelf 
streams through a common pH sensor. This was a miniature flow­
through unit connected to a pH recorder-controI1er. The pH R/C 
output signal fed back into the stepping switch. The switch had 
a 15 sec. operating period immediately after the read period for 
each stream. The pH R/C signal operated through the stepping switch 
during the operating cycle to drive an alkali addition pump feeding 
into the fermenter being sampled. There was an alkali addition 
unit for each fermenter. The pH for each unit was recorded and 
controlled in this manner.
One liter of Ce11ulomonas, sp. inoculum was prepared for each 
10 liter unit. The inoculum was grown on the nutrient media con­
centrations shown in Table IV-'} with 1.0 gram/liter yeast extract 
added. The 10 liter units were inoculated with 1 liter shake-flask 
cultures, and air, agitation, temperature, and pH control adjust­
ments were made. Samples of the various cultures were taken period 
ically throughout the run by collecting the effluent from the pH 
sensor element. These samples were filtered through medium filter 
paper in a Buchner funnel. The filtrate containing the cells was 
collected in the filter flask. Readings were taken of the optical 
density of the filtrate to monitor cell growth. The readings were 
made in the following manner. The sample of cel1-containing fil­
trate was added up to the 10 ml. mark on a 12.5 mm I.D., optica lly
clear, round test tube. The tube was inserted in the sample port
(dof a Klett-Summerson colorimeter. The colorimeter was turned on, 
and the optical density read on the balanced scale In Klett units. 
If the reading was above 100 the sample was diluted with distilled 
water to permit a reading between 0 and 100. The dilution was nec­
essary since optical density measurements in Klett units reflect 
actual cell density linearly only below readings of 100 Klett units 
The optical density in Klett units was then calculated by multiply­
ing the scale reading by the dilution factor.
Growth promoting substances such as glucose and yeast extract 
were added to the cultures at various times and in various amounts 
during the runs. These additions are recorded on the respective 
run data sheets of Appendix G. The values for mass doubling time
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and Log phase growth rate constant were calculated and appear In 
Table V-5.
325 Liter Fermenter - Oak Ridge National Laboratory
The 325 liter pilot plant fermenter at Oak Ridge was used for 
two batch cellulose fermentations. A summary of the operating pro­
cedures for those runs follows:
The fermenter was filled with 300 liters of de-ionized water. 
Solka FI oc, nutrient salts, and growth promoting substances were 
added. The concentration of these may be found in the appropriate 
run data sheets of Appendix G. The fermenter was sealed, and live 
steam at 30 psi was fed to the vessel jacket. The contents of the 
vessel were brought to sterilizing temperature. The media was 
heated until it had developed 30 psi vapor pressure inside the 
vessel. The media was allowed to remain at about 130°C for 30 
minutes. During this time the inlet and outlet air lines, the air 
filters, sampling lines and valves, inoculation port, and Nh^ addi­
tion lines were purged and sterilized with 30 psi steam. After the 
sterilization procedure was finished, cool process water was fed to 
the jacket, and the temperature of the media was brought to oper­
ating temperature. The temperature, agitation, aeration, and pH 
controls were adjusted, and the medium was inoculated. The first 
run was inoculated with about 6 liters of Cellulomonas, sp. culture 
obtained from run NB-1 of the 10 liter fermenter unit. The inocu­
lum for the second run was 40 liters of culture drawn off of the 
first run near the peak cell density and refrigerated at 37°F until 
needed for use.
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A 1/16" teflon thief stream line drew culture out of the fer­
menter through a peristaltic pump. The thief stream passed through 
a pH sensor unit as described for the 10 liter vessels. A pH re - 
corder-controller continuously monitored this signal and controlled 
anhydrous ammonia addition for pH control.
Periodically samples were collected from the pH sensor effluent
stream and analyzed for soluble carbohydrate by the phenol-sulfuric 
acid method (Appendix D) and for cell density by the Klett optical 
density procedure described in the 10 liter unit analytical procedure.
The 300 liter culture was harvested by first chilling the cul­
ture to 10°C by chilled Water circulation in the jacket; the culture 
was then pumped into two elevated 100 gal. polyethylene tanks. In 
these tanks the culture was diluted about 307„ by addition of chilled, 
de-ionized water. The insoluble cellulose remaining in solution was 
allowed to settle for several hours. The ce11-containing supernate 
was siphoned off the tops.of the tanks and pumped into a C-26 
Sharpies Super Centrifuge. In this high-speed centrifuge the in­
soluble cellulose remaining in suspension and the organisms were 
spun out to the wall of the bowl in two regions. When the bowl 
liner was removed the pure cell fraction was collected and stored 
at 37°F. The fraction containing cells and cellulose was returned 
to the washing tanks, and de-ionized water again added to these 
vessels for a second wash treatment. The cellulose was again set­
tled and the centrifugation procedure repeated. The pure cell frac­
tion thus obtained w b b  lyophilized and later analyzed chemically 
and by a rat feeding study. The data obtained for the population
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dynamics of the runs is reported in Appendix G, runs OR-1 and 2, 
and tablulated in Table V-5.





Operation of the chemical treatment and fermentation sections 
of the pilot unit showed that sugar cane bagasse could be continu­
ously treated to increase its biodegradability, and subsequently 
used as a substrate for bacterial growth. The fermentation process 
showed that the organisms produced by growth on cellulose could be 
harvested and used as an animal feed protein supplement. The 
growth rates obtained by the pure Cellulomonas, sp. cultures showed 
relatively rapid carbohydrate to protein transfer rates. Material 
balances reflected generally accepted carbohydrate to protein trans­
fer efficiency ratios. Substrate utilization ratios were somewhat 
higher. An economic analysis of a production plant was prepared, 
and appears later in this section.
Several problems were met during the investigation including; 
materials handling of the cellulosic in the wet-processing chemical 
treatment section, contamination of the fermentation culture with 
spore forming and other microorganisms, and procedures for separa­
tion of insoluble cellulose from cells during cell harvesting.
These problems were solved either by modification of equipment or 




Chcmica L Trca tmcnt
Thu chemical treatment section of the pilot unit (Figure IV-2) 
was designed to yield continuously a treated cellulosic product 
tliat was approximately the same as that obtained from the laboratory 
batch treatment process. The product obtained from the pilot unit 
was as good, and in several respects better than the batch product 
for use as a substrate for bacterial growth.
During development of the continuous treating equipment sever­
al observations were made which deserve discussion.
Bagasse, or any rough-cut, native cellulosic material, tends 
to bridge in hoppers and be extremely difficult to meter while dry, 
especially at small flow rates. This problem was continuously pre­
sent in the hoppering and meter feeding of the dry, ground bagasse. 
Intermittent hand turning or agitation of the material in the hop­
per was necessary to assure a continuous flow of dry material to 
the alkali slurry tank. Operating characteristics of the alkali 
slurry tank, slurry pump, and solid-liquid separator were excellent.
It was observed that a certain fraction of the ground material 
was too fine to be caught on the 20 mesh screen of the separating 
device, and was thus continually recycled back to the slurry tank. 
During a long treatment run the concentration of very fine cellu­
lose particles built up in the slurry tank. The use of a finer 
mesh separator screen (No. 24 mesh) partially alleviated this prob­
lem, but the use of an even finer screen could have resulted in 
inefficient draining of the liquid at higher slurry flow rates. 
Solublized lignin and carbohydrates a l B O  collected in the alkali
122
slurry tank turning the treating solution dark brown. There was 
no evidence, however, that the treating solution had lost any of 
its chemical viability in any pilot unit run.
Very long residence times of cellulosic materials In the slurry 
tank (18-24 hrs.) resulted in the materials assuming a gel-like 
appearance. This was probably due to the swelling action of the 
alkali. This gel-like material had poor draining and squeezing 
properties and handled badly in the separating device. Slurry tank 
residence times were set to obtain both good NaOH penetration and 
good handling properties. The residence time in the alkali slurry 
tank was varied from about 30 rain, to almost 3 hrs. with no apparent 
difference in biodegradabi1ity of the product.
The continuous flow radiant oven had variable adjustment con­
trols for temperature, air flow, and residence time. In general, 
arbitrary settings of air flow over the cellulosic material passing 
through the oxidation chamber were chosen. The flow from the sparge 
tubes was set low enough to prevent blowing the solids from the belt 
surface. The effect of variation of the air sparge rate onto the 
cellulosic was not studied. Residence time and temperature could 
be varied to give either long residence time - low temperature, or 
short residence time - high temperature treatment conditions. Resi­
dence times ranged from about 2 to 6 minutes. In all cases tempera­
ture was set to assure maximum heating with minimum charring of the 
product. The laboratory data presented in Table 11-11 indicate that 
higher temperatures result in increased biodegradability, but little 
variation in the pilot unit product could be detected. The
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temperature of the pflot unit oven was m.t varied as much, however, 
as the temperatures used in the laboratory experiment. Table IV-1 
shows basic operational data for seven runs of the chemical treat­
ment unit. Percent free moisture varied from 87, to over 307, in 
the raw, ground bagasse used for processing. The moisture present 
in the cellulosic represents a potential dilution of the treating 
solution, however, with the slurry densities used in the pilot unit 
runs (37.-77. by weight solids) there was no evident loss of NaOH 
swelling action. Material emerging from the squeeze rolls con­
tained about 547° to 657 free moisture. This does not represent 
total moisture present in the material since the water binding 
capabilities of alkali cellulose make complete drying very diffi­
cult. The free moisture figures represent the moisture removable, 
from the material by the drying procedure given on page 87 . The 
value thus obtained gave a relative but reproducable moisture 
read ing.
Cellulosic material exiting the radiant oven had free moisture 
contents of frcxn 377° to 487,. This value varied directly with the 
moisture content of the original ground bagasse, and varied in- 
versly with oven temperature and residence time in the oven. If 
the free moisture content of the cellulosic dropped below 57° to 
107° while it was still in the oven it would char rather quickly.
The strength of the alkali solution (107. by weight NaOH) was 
chosen to produce a certain amount of cellulose swelling and lignin 
disruption with a minimum loss of extractable carbohydrates. Also, 
cel I-effluent from diaphragm chlorine cells is of almost equal
strength and is available at extremely low cost. The proof of It* 
utility would enhance process economics greatly. Cell effluent was, 
in fact, the NaOH source in the laboratory trials, but the effects 
of its high NaCl content on microorganisms was unknown, and pure 
NaOH was used for all pilot unit treating processes. Later fermen­
tation data indicate, however, that NaCl concentrations obtained 
from the use of cell effluent would not only not inhibit cell growth 
but would actually augment nutrient salt needs of the media.
The concentration of the oxidation catalyst, CoC^, was origi­
nally set at 925 ppm for treatment runs 1-3. However, it was de­
creased to 4.45 ppm in runs 4-7 since this was well within the range 
of catalytic activity, and the action of much higher concentrations 
on organism growth was known to be inhibitory.
Component analysis of treated and untreated bagasse was car­
ried out by the procedure given on page 87 . Table V-l and Table
V-2 show the results of those analyses.
The component analysis of untreated, or raw, sugar cane bagasse 
shown in Table V-l, may be compared with the proximate analysis of 
tiie same material given in Table II-2. Percent carbohydrate on a 
dry basis, an average of 57.77c in Table V-l, is almost the same 
as the value of 52.7% given in Table II-2 as percent fiber. The 
additional 57° recorded as carbohydrate in the component analysis 
was probably supplied from hemi-cellulose and other non-cellulose 
carbohydrates that appear in the proximate analysis as part of the 
Nitrogen Free Extract fraction. That fraction of the whole bagasse 
recorded as Other Soluble and Other Insoluble in Table V-l comprises
Table V-l
Component Analy sis of Untr eated Sugar Cane Bagasse
No. 1 No. 2
% of X on X of X of X on X of
Component Total Dry Basis Carbohvdrate Total Drv Basis Carbohydra te
Untreated Bagasse 100 100
H^O (evaporated) 1.4 12.0
H^O (bound) 0 0
Bagasse before Extraction (dry) 98.6 100 88 100
Bagasse after Extraction (dry) 90.8 92. 1 82.8 94.1
Carbohydrate (soluble) 0.61 0.619 1.05 2.04 2.32 4.14
Carbohydrate (insoluble) 53.6 54.3 98.95 47.4 53.9 95.86
Other Soluble 7.2 7.3 3.16 3.59
Other Insoluble 37.2 37. 7 48.9 55.5
Total Carbohydrate 58.3 59. 2 100 49.44 56.1 100
Table V-2. Component Analvs is of Treated Sugar Cane Bagasse
















X of 7; of 
Total CH20
X of % of 
Total CH2C
Treated
Bagasse 100 100 100 100 100 100
h 2o
(evaporated) 45.6 41. 75 49.4 48.2 42.7 41.0




(dry) 20.3 23.6 21.9 29.5 24.2 24.9
Carbohydra te 
(soluble) 3.9 20. 7 3.34 15.5 4.23 20.5 4.9 17.9 3.95 17.9 4.0 17.6
Carbohydrate 
(insoluble) 14. 82 79.3 18.15 84.5 16.4 79.5 22. 1 82.1 18.15 82.1 18.7 82.4
Other
Soluble 5.48 5.45 5.50 7.4 6.05 6.2
Tota 1
Carbohydrate 18. 72 100 21.49 100 20. 6 J 100 27.0 100 22.1 100 22.7 _100
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the fractions recorded as Protein, Fat, Llgnin, Ash, and the non- 
carbohydrate fraction of Nitrogen Free Extract in the proximate 
ana lys is.
A hot water extraction of the untreated bagasse, as described 
on pages 87-88 , soLublized an average of 2.67. of the carbohydrate
contained in the material. This material was most probably short- 
chain saccharides contained in the interstitial, amorphous hemi- 
cellulose fraction. No true cellulose, or fiber, should have been 
solublized in this extraction. An average of 97.47. of the carbo­
hydrate contained in the bagasse remained insoluble. Protein, ash, 
fats, and lignin were solublized at an agregate average of 12.9% 
by the water extraction. No determination was made to separate the 
individual solubility values of these four components.
Table V-2 gives the component analyses of bagasse samples 
from six chemical treatment runs. The treatment was the same as 
described in "Pilot Unit Procedures - Chemical Treatment". The 
treatment conditions correspond to those presented in Table IV-1. 
Va iu cs for "Dry Bagasse Before Extraction" and "Other Solubles" are 
not given for treated samples because the presence of NaOH pro­
hibited complete drying of the treated sample.
Treated samples from runs 1-6 had an average free moisture 
content of 44.87.. Appreciable water was left in the bagasse bound 
to the alkali treated cellulose. The treated material contained an 
average of 10.927. NaOH. The NaOH was rather tightly bound to the 
cellulose, and resisted efforts to wash it out with water. The 
alkali could be neutralized easily by addition of acid.to a water
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slurry, however, and the resulting neutralized cellulose could be 
taken to complete dryness quickly.
Dry bagasse remaining after the NaOH treatment and hot water 
extraction comprised an average of 247. of the original sample 
weight (moisture Included). Of the dry bagasse remaining an aver­
age of 74.97. was carbohydrate. Comparison of this value with the 
carbohydrate content of untreated bagasse indicated that non­
carbohydrate fractions such as protein, fat, lignin, ash, and the 
non-carbohydrate fraction of Nitrogen Free Extract were preferen­
tially removed during treatment or by the water extraction.
Of the total carbohydrate in the treated bagasse an average of 
18.57. was solublized by the water extraction. This represented 
more than a seven fold increase in initially water soluble carbo­
hydrate over the value for the untreated bagasse. Other insolubles 
remaining in the bagasse after extraction represented an average 
of 2 57. of the weight of the dry material, whereas the average value 
for the same fraction in the untreated bagasse was 46.67..
X-ray diffraction determinations of relative degree of crys- 
tallinity, according to the method of Segal et. al (1), were made 
for treated and untreated bagasse before and after incubation with 
the cell-free enzymes of Ce1lulomonas , and for untreated bagasse 
after partial fermentation by Cellulomonas organisms (treated 
bagasse was so completely degraded that no sample was available 
for x-ray investigation). The results given in Table V-3 show that 
untreated bagasse had a relative crysta11inity of 45.3X while after 
treatment only 107. crysta 11 inity was found.
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Table V-3
Relative Cry s ta 11 in it i es of Bagasse Samples*1
Samp 1c Crystal1 inity Index
Untreated Bagasse 4 5.37.
Treated Bagasse 10.07.
Untreated Bagasse 
After enzyme incubation 41. 27.
Treated Bagasse 
After enzyme incubation 50 . 37.
Untreated Bagasse
After cellulomonas fermentation 37. 57.
determined by method of Segal, a_l. (1)
All enzyme and organism treatments were carried out in the 
Department of Microbiology by Y. W. Han.
It should be noted here that the treated bagasse sample used in 
th e determination had been allowed to stand open to air for over 
a week.after treatment. Whenever this was done the treated bagasse 
became more and more crumbly and powderish. This continued physi­
cal degradation was probably due to slow oxidation of the alkaline 
cellulose by oxygen in the air. The bagasse was stored after treat­
ment un-neutralized and still containing some of the oxidation 
catalyst, CoCl^. The relative crysta11 inity reported for this 
treated sample, therefore, may be lower than that of a sample 
immediately after chemical treatment. Values presented in Table 
II-6 suggest this to be true.
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Relative crysta11inities of treated and untreated bagasse 
after incubation with a cell-free enzyme solution were 50.37, and 
4 1. 27„ respectively. The large increase in relative crys ta 11 in ity 
for the treated sample must be attributed to the extraction of the 
large water soluble fraction that contributed to the amorphous re­
gion of the diffraction pattern. This fraction was removed upon 
slurrying leaving the more highly crystalline insoluble fraction 
for the x-ray sample. The small drop in crysta11inity for the un­
treated sample is within error limits of the x-ray procedure, and 
cannot be taken as definitive of cellulose enzyme de-crystallization 
of cellulose. Relative trysta11 inity of untreated bagasse after 
incubation with Cellulomonas organisms, however, was significantly 
lower, at 37.5%, than unfermented bagasse, and indicates crystalline 
breakdown by some bio-chemical action. The extent of cellulose 
breakdown in the ce11-containing cultures was considerably greater 
than in the tubes with only cell-free enzyme solution.
A cupriethylenediamine solution viscosity test (TAPPI Method 
T-230) was used to determine the degree of polymerization of cellu­
lose in the same treated and untreated bagasse samples used in the 
above x-ray studies. The results, given in Table V-4, show un­
treated bagasse containing a cellulose fraction with an average 
degree of polymerization of over 800. The treated sample contained 
cellulose with an average degree of polymerization of less than 300, 
(the standard curve used for the TAPPI method went only as low as 
a degree of polymerization of 300).
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Table V -4
















3untreated bagasse did not completely dissolve, therefore, degree 
of polymerization is somewhat higher than indicated.
Data from H. G. Preble
Overall evaluation of the effects of the pilot unit chemical 
treatment process for both chemical and physical property changes 
shows:
1. A preferential removal of non-cellulos ic components 
of bagasse during the trestaeni process; non-carbo­
hydrates composed 2 57 of the dry weight of the 
bagasse after treatment and water extraction and 
46.67, of the bagasse with water extraction but with­
out treatment.
2. Increased water solubility of carbohydrate after 
treatment; 2.67, of the carbohydrate of bagasse was 
extractable before treatment versus 18.61 after 
treatment.
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3. A decrease in the relative degree of crystal 1 inity 
of the cellulose of bagasse by treatment; see data 
of Table V-3.
4. A decrease in the average degree of polymerization 
of the cellulose contained in bagasse by the chemi­
cal treatment process; see data of Table V-3.
Fermentat ion
The bacterial fermentation of ceLLulose was carried out using 
filter paper, solka floe, and treated bagasse as cellulose substrates 
in the L.S.U. pilot unit and seed fermenter, and in the fermenters 
at Oak Ridge National Laboratories. In the L.S.U. unit filter paper 
was used as substrate in the 20 liter seed fermenter, and treated 
bagasse was used in all runs of Che L.S.U. 194 liter pilot unit 
fermenter. Solka floe of 200 mesh size was used as substrate for 
both the 10 liter and 323 liter vessels at Oak Ridge.
All raw data for each fermentation run is presented in 
Appendix G. The cell density versus time data, and soluble carbo­
hydrate versus time data, where a-naiLable, was plotted for each run 
on rectangular and semi-1ogrithmic tuordinates. From these plots 
values of mass doubling time and lag phase growth rate were calcu­
lated. Figures V-l to V-24 show the population dynamics for each 
fermentation run. Fermentation time is plotted on the abscissa 
of each graph. The left ordinate is some measure of cell density.
No attempt was made to equate optical density of the solution at 
560 mp, to optical density of the solution in Klett units or to 
grams per liter dry cell solids. Each is a representative measure
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of cell density, but they are not interchangable in quantitative 
expressions. In the runs where available the soluble carbohydrate 
concentration is plotted on the right ordinate in mg./liter.
It must be noted that runs LSU-1 through LSU-8 were contami­
nated to various degrees with spore forming and other non- 
Ce11ulomonas organisms. Hie values obtained from these runs may,
therefore, not be taken as as definitive for the Cellulomonas cul-
*
ture dynamics. Behavior of each of these runs was treated as
cellulose fermentation by a mixed culture containing cellulolytic
bacteria. They will be discussed where pertinent.
Equations used for calculations of mass doubling time and
growth rate constant are developed and presented in Appendix F.
Selected data from all fermentation runs are presented in
Table V-5. The first seven runs tabulated (LSU-1,2,3,4,5,7,8) were
run in the 194 liter L.S.U. pilot unit vessel. The next three
(a
runs (NB-1,2,3) were run in the 10 liter New Brunswick ferraenters 
at Oak Ridge. The last two runs (OR-1,2) were carried out in the 
325 liter vessel at Oak Ridge.
The initial substrate loadings were recorded as grams of 
carbohydrate per liter of media. In the runs using solka floe or 
filter paper as substrate this could be equated with grams of solid 
substrate added, but in runs using treated bagasse carbohydrate re­
presented about one-half of the dry solids fed. In some runs 
(NB-2,3, 0R-1, LSU-3,4) additional carbohydrate was added during 
the run. The schedules of these additions are given on the respec­
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Chrs.Run. No. Substrate \ Liter of Media / Substance (gms/lit) (hrs.)
LSU-1 Treated Sugar 3.99 
Cane Bagasse
Yeast Extract 0.311 21.6 0.0319
LSU-2 Treated Sugar 3.72 
Cane Bagasse
Yeast Extract 0.265 9.2 0.075
LSI'-3 Treated Sugar 3.72 
Cane Bagasse
Yeast Extract 0.265 38.4 0.018
LSU-4 Treated Sugar 4.60 
Cane Bagasse
Yeast Extract 0.311 12.5 0.0551
LSU-5 Treated Sugar 3.96 
Cane Bagasse
Yeast Extract 0.313 17.0 0.0406
LSU-7 Treated Sugar 4.01 
Cane Bagasse
None 2.6 0.265
LSU-3 Treated Sugar 3.95 
Cane Bagasse
None 2.5 0.276
NB-1 Solka Floe 10.0 
(200 mesh)
Yeast Extract 0,50 2.1 0.329
a. . . .initial concentration except where noted.
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Run No. Substrate \ Liter of Media / Substance (gms/lit)“ (hrs.) (hrs. )
NB-2 Solka Floe 
(200 mesh)
10.0 bGlucose i.ib 3.4 0.2025





OR-1 Solka Floe 
(200 mesh)










ainitial concentration except where noted.
^added at 34,5 hours.
Q
added at 16.5 hours.




Table V-5. (continued) Fermentation Run Data
Gms. Cells Gms. Protein 




LSU-l 0. 104 Draft Tube * ★ it
LSU-2 0.108 Draft Tube + * it
LSU-3 0.108 Draft Tube * * it
LSU-4 0.105 Draft Tube * * *
LSU-5 0.177 Draft Tube * * *
LSU-7 0.109 Draft Tube ★ * *
LSU-8 0.109 Draft Tube 0.512 0.266 0.643
NB-1 Variable - High Turbine - Fast * *
*
NB-2 Low Turbine - Medium * *
*
NB-3 Variable - Medium Turbine - Medium it •k *
OR-1 Variable - Medium Turbine - Slow 0.274 0.144 0.623
OR-2 Variable - Medium Turbine - Slow 0.442 0.240 0.690
* these data unavailable
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Initial carbohydrate loadings ranged from 1.5 to 10.5 grams 
per Liter of media. All loading levels were well within slurry 
density Limits for easy handling and agitation. Heavier slurries 
could have been handled with existing equipment. The carbohydrate 
loading was expressed in terms of dry- solid carbohydrate added to 
the fementer.
When solka floe or filter paper was used as substrate none of 
the carbohydrate added was water soluble, all being in the form of 
insoluble, long-chain cellulose. The medium, therefore, had a very 
low soluble carbohydrate concentration unless some form of soluble 
carbohydrate material was added. When treated bagasse was used as 
substrate, however, an average of 18.67, of its carbohydrate content 
was iimediately water soluble. Upon loading runs LSU-7, and 8 with
4.GL and 3.95 gms. carbohydrate/1 iter respectively, using treated 
bagasse, initial soluble carbohydrate concentration was about 0.8 
gjas/liter. The presence of this level of soluble carbohydrate in 
the early stages of culture growth was important in assuring a 
short Lag phase of the cell culture development.
Figure 11-9 shows specific activity of extracellular cellulase 
and anount of protein (enzyme) released into the medium lagging 
cell growth by a considerable margin. It is possible that the 
cellulase of Ce1lulomonas is intramurally located or bound in some 
way to the cell wall, and is released into the menstrum only upon 
cell lysis. This would mean that the ability of the culture to 
break down cellulose to soluble, metabolizable fractions would be 
1iaited for a large part of the fermentation cycle.
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4
If soluble substrate were not available for metabolization
i
during the early growth phase, a definite limitation of growth 
would occur. The presence of insoluble cellulose at that time 
(before appreciable enzymatic activity) would, therefore, be of 
little consequence, and its concentration would be meaningless. 
Figures V-ll and 13 showing soluble carbohydrate concentrations 
and cell concentrations versus time demonstrate the validity of 
the soluble substrate limiting concept. These two runs were 
slighly contaminated, but it is felt that the response shown is 
characteristic of a ce11ulolytic culture. Soluble carbohy­
drate (from treated bagasse) is initially at a relatively high 
level, and the concentration decreases almost linearly until the 
latter stages of log phase growth where it begins a gradual rise.
A comparison of Figures II-4 and V-ll and 13 show this rise to 
correspond almost exactly with the increase in cellulolytic activity. 
The presence of soluble carbohydrate, therefore, prevented the 
enzymatic step of cellulose solublization of being rate limiting 
in the early stages of the fermentation. Run NB-2 in which solka 
floe was the cellulose source, and with no soluble carbohydrate 
or other growth promoter added, showed a greatly extended lag 
phase (see Figure V-17). This presumably wa9 caused by the rate 
limitations imposed by the slow development of cellulolytic activity.
To prevent the limitation of culture growth from lack of 
initial, soluble substrate certain growth promoting additives were 
incorporated into the culture media when necessary. The Cellulomonas 
bacteria demonstrated a need for a small, initial amount of thiamine.
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Yeast extract was added In small amounts to meet this need. The 
schedule of additions and amounts used are shown in Table V-5, and 
In the Run Data Sheets of Appendix G. Glucose was added to runs 
in which solka floe or filter paper was the sole carbon source to 
assure a known initial concentration of soluble carbohydrate. LSU 
runs 7 and 8 had no additives, but treated bagasse demonstrated that 
it provided all the necessary soluble carbohydrate. After the cul­
ture was growing well the need for outside thiamine supply disap­
peared. The bacteria probably synthesized thiamine slowly, and 
cell lysis freed enough to meet the demands of the growing culture. 
No attempts were made to determine the necessary amounts of soluble 
carbohydrate or thiamine, although indications were that the neces­
sary concentrations were quite low.
Fermentation run LSU-5 was contaminated to an appreciable 
extent by a motile, rod-shaped bacterium other than Cellulomonas.
In this run the degradation (solublization) of cellulose proceeded 
to a much greater extent than in any other run. The contaminating 
bacterium was isolated and purified by Dr. V. R. Srinivasan and 
Mr. Y. W. Han, and was identified as A lealigenes faeca1 is. It was 
found that this bacterium could metabolize cellobiose but not cel­
lulose. A carboxymethy1 cellulose media was prepared and inoculated 
with a mixed culture of Cellulomonas sp. and Alcaligenes faecalis. 
Pure Ce1lulomonas sp. and A1ca1igenes faecal is cultures were also 
inoculated into identical media. Cell density measurement of the 
three cultures (Figure V-25) showed rapid growth and no evidence 



























Figure V-25. The Kinetics of Growth of Organisms 
in Carboxymethyl Cellulose Medium (9)
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In the pure Cellulomonas culture, and no growth In the culture of 
pure Alca1Igenes faecal18. A differential count of the organisms 
in the mixed culture showed a predominance of the Ce1lulomonas sp, 
bacter ia.
An explanation of the greatly increased rate and extent of 
cell growth in the mixed culture is that the cellulase system of 
Cellulomonas was inhibited in the pure culture by accumulation of 
cellobiose; and that this accumulation was prevented in the mixed 
fermentation by the presence of Alca1igenes faeca1 is. The soluble 
carbohydrate curves of runs LSU-7 and 8 reflect this inhibition in 
that the concentration of soluble carbohydrate reached a constant 
level after all cell growth had stopped. If the enzyme were still 
active the concentration of soluble carbohydrate should have con­
tinued to increase after growth ceased. However, when the concen­
tration of soluble carbohydrate reached about 500 and 650 mg/liter 
respectively, it leveled off and remained constant. Assuming that 
cellobiose inhibition of cellulase is indeed the cause of the de­
crease in enzyme activity, it would seem possible to greatly in­
crease cell production rates if this inhibition could be prevented 
by mixed, or symbiotic, culture growth.
Mass doubling times and log phase growth rate constants varied
quite widely in runs LSU-1 through LSU-5. These values for runs
LSU-7 and 8, NB-1,2,3, and OR-1, however, fell into a relatively
narrow range. There were several factors which probably contributed
to this variance. The inoculum size for runs LSU-1 through 5 was
only 1.0 liter for the 194 liter fermenter. The cultures of these 
runs were all relatively highly contaminated by the time an appre­
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ciable cell density was readied. This would have caused these re­
sults to he unreliable In the measurement of pure Ce11ulomonas cul­
ture growth rates. The treated bagasse used for substrate in runs 
LSU-1 through 3 was treated with an alkali solution very hlgh In 
C0CI2 content (945 ppm). The CoCl2 carried over Into the fermenter 
could have caused growth Inhibition.
When a 20 liter inoculum was used In runs LSU-7 and 8, and 
when pure cultures were monitored in runs NB-1,2, and 3, and OR-1, 
the mass doubling time fell within a range of 2.1 to 5.2 hours, 
and all but OR-1 were in a range of from 2.1 to 3.5 hours. In run 
OR-1, a relatively small inoculum was again user (6 liters to 300 
liters), and other factors such as variations in pH could have 
slowed the growth. Run OR-2 had a high mass doubling time of 16.0 
hours. The inoculum for this run was 40 liters of culture drawn 
from run OR-1 and refrigerated for about 36 hours at 37°F. It is 
possible that the refrigeration and anerobic conditions of storage 
affected the viability of these organisms causing a slower rate of 
culture growth.
The mass doubling time of runs NB-1,2, and 3, and OR-1 (2.1, 
3.4, 3.5, and 5.2 hours respectively) with solka floe as cellulose 
substrate were not appreciably different from the mass doubling time 
of runs LSU-7, and 8 (2.6, and 2.5 hours) where treated bagasse 
served as cellulose source. However, the runs using the pure cel­
lulose source needed glucose and yeast extract addition to prevent 
a prolonged lag phase period of growth.
Since the mechanism of carbohydrate utilization in cellulose 
fermentation included the enzymatic step of converting insoluble 
cellulose to a soluble carbohydrate, the importance of the
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concentration of insoluble cellulose above a critical but probabLy 
low level is not known. All quantitative mathematic modeling of 
cell population dynamics has been based, heretofore, on growth of 
organisms on a relatively simple, soluble substrate system. Usually 
one substrate (if more than one are present) is chosen as the 
limiting substrate, and substrate concentration is thereby expressed 
as a single variable. Recent modeling by Fencl (2), Eakman, Fred­
rickson, and Tsuchiya (3), Herbert (4), Powell and Lowe (5), and 
Kozesnik (6) still Include the growth expression developed by 
Monod (7) for organism growth on a single, soluble, limiting sub­
strate. No attempt has been made in this work to construct a theo­
retically feasible mathematic model to describe the dynamic pre­
substrate (cellulose) - substrate (soluble carbohydrate) - cell 
tissue relationship.
The aeration rates of runs LSU-1 through 8 were varied only 
slightly due to hydraulic limitations of the draft-tube fermenter 
system. Quantitative aeration rates for the remainder of the runs 
were not available. Relative aeration rates, however, are given 
in Table V-5, and on the respective Run Data Sheets of Appendix G.
Oxygen transfer was not considered to be a limiting factor in 
any run. Since doubling times were quite comparable in the several 
different fermenters it might be assumed that mass transfer was not 
1imit ing.
Agitation in the LSU pilot unit was very mild, and was provided 
by the draft-tube, air-lift arrangement of the vessel. Single and 
multiple turbine agitators were used in the 10 liter New Brunswick
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vessels, and reLative agitation rates are given In Appendix G. The 
32 5 liter vessel at Oak Ridge was agitated by a single turbine with 
tank side-baffles. No studies of the effects of agitation on mass 
transfer or growth rates were attempted in this work.
Fermentation temperatures were controlled between 30°C and 36°C 
for all runs. Previous laboratory studies by Dr. V. R. Srinivasan 
and Y. W. Han showed slow Cellulomonas growth at 25°C, and no growth 
at or above 45°C. Maximum growth in their studies occurred between 
30°C and 32°C.
The pH of all runs showed the following characteristics pattern: 
pH was initially adjusted to about 7.0. If treated bagasse was used 
as substrate the pH would rise to 7.6 - 8.0 during the lag growth 
ph ase. If so Ika fl oc or filter paper was used this pH rise did not 
occur. The increase was probably caused by slow release of occluded 
non-neutra1ized NaOH from the treated bagasse. When the culture 
entered log phase growth the pH of all runs dropped rather rapidly, 
and alkali or NH^ had to be added to maintain a pH between 6.5 and 
7.0. The pH was never allowed to drop to the lowest level it could 
have attained for fear of causing agglomeration and floculation of 
the cells which occurs at a pH of from 5.5 to 6.0 when acid is added 
to the culture. Several system upsets in the runs OR-1, and OR-2 
caused the pH to rise as high as 9.0 for short periods of time. The 
pH would then either be readjusted by acid addition, or allowed to 
return to pH 7.0 naturally. The high pH values obtained did not 
seem to permanently damage organism viability since growth continued 
after the pH readjustment, and in some cases, throughout the period
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of high pH. The pH versus time data for each run is included as 
completely as possible, in the Run Data Sheets of Appendix G.
Material balances made on runs LSU-8 (which was a contaminated 
culture), and OR-1 and 2 resulted in the calculation of the fer­
mentation efficiency ratios given in Table V-5. In these three 
runs from 62.37= to 697= of the carbohydrate fed was metabolized by 
the organisms. The carbohydrate remaining after fermentation was 
never used for substrate again, therefore, it was not determined 
whether the undigested material differed in biodegradative proper­
ties from that initially used. The carbohydrate utilization ef­
ficiency ratio of grams df cell tissue produced per gram of carbo­
hydrate metabolized had values of 0.512 for LSU-8, 0.274 for OR-1, 
and 0.442 for OR-2. It was noted that 90 grams of yeast extract 
was used in run OR-1, and 30 grams used in run OR-2. Preferential 
use of the yeast extract for conversion to cell tissue would cause 
an increase in the use of carbohydrate for oxidation for energy 
thereby lowering the efficiency ratio for its conversion to cell 
tissue. This would explain the departure of the efficiency ratio 
of runs OR-1, and 2 from the classic carbohydrate to protein ef­
ficiency ratio of 0.50. The values obtained for grams protein pro­
duced per gram carbohydrate metabolized reflect the 52Z protein 
content of the organism in conjunction with the efficlenty ratios 
given for the runs above.
The pure Ce11ulomonas cultures from runs OR-1 and 2 were har­
vested and the cells were lyophilized. About 1,800 gms. of the 
product was analyzed by Dr. S. P. Yang of the L.S.U. Department of
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Home Economics for crude protein content, amino acid pattern, and 
protein nutritional value in rat feeding trials.
The dry cells contained 52.37, crude protein (N x 6.25) as de­
termined by a macro-Kjeldahl procedure. The amino acid composition 
of this protein was determined by column chromatography on a Spinco 
Automatic Amino Acid Analyzer . The amino acid pattern is given 
in Table V -6 with amino acid patterns of other proteins, and for 
F.A.O. standard protein.
A rat feeding study was conducted by Dr. S. P. Yang to de­
termine protein quality of the cells, and to investigate toxicity 
properties. Male weanlihg rats of the Sprague-Dawley strain were 
fed for 10 days and 1 ibitum an otherwise adequate, but protein free 
diet (Table V-7), or the same diet containing 107., 207., or 407. 
crude protein from Ce1lulomonas. Comparable groups were also fed 
the same basal diet containing 107, casien or 107, crude protein 
provided by Cel lulomonas supplemented with 0.37, L-methionine .
Table V -8 lists the different diets used and the food intake 
and weight gain response for each of them. Figure V - i s  a plot 
of the average body weight of the rats in each group versus days 
on the experimental diet. It was seen that the growth response of 
rats fed cellulomortas was not equal to that of rats fed casein as 
the protein source. The increased weight gain of rats fed Cellu~ 
lomonas supplemented with L-methionine showed that methionine was 
still a limiting amino acid.
All Ce1lulomonas single-ce11-protein was fed as lyophilized, 
intact cells. It is possible that availability of the cell protein
O Group 2: 10?, Casein net gain 30. 3g
©  Group 6: 40% LSU-SCP net gain 12.2g
10% LSU-SCP + 0.3% L-Methionine net gain 3.1g83 A Group
20% LSU-SCP no net changeX Group
10% LSU-SCP net loss 3.1gA G r o u p
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Figure V-26. Growth Curves of Male Weanling Rats Fed ad libitum 
various experimental diets for 10 days (8) .
Table V-6. Essential Amino Ac id Con ten t of Cell u lomonas Grown 
on 5c1ka Floe,and Other Pro te in (3)














Arginine 7.8 ★ * ■k * 7.0
Hist id ine 2.3 ★ * 2.2 * 2.5
Isoleucine 3.0
i
3.6 5.3 6.4 4.2 5.8
Leuc ine 7. 7 5.6 8.1 8.0 4.8 7.6
Lys ine 5.6 6.5 7.6 8.5 4.2 6.6
Methionine 1.8 2.0 1.7 1.5 2.2 1.1
Phenylalanine 3.3 2.9 5.7 5.1 2.8 4.8
Threon ine 4.3 4.0 5.8 5.1 2.8 3.9
Valine 5.9 4.5 5.7 5.6 4.2 5.2
Tyros ine 2.6 * ★ 4.3 2.8 3.2
Half Cystine 0.4 0.6 1.0 1.0 2.0 1.2
Table V -6 (continued). Essential Amino Acid Content of Cell ulomonas Grorwn
on Solka Floe,and Other Protein (S)
Essential Amino , British3 £  C








Total S. Amino Acids 2.2 2.6 2.7 2.5 4.2 2.3
Total Aromatic
Amino Acids 5.9 2.9+ 5.7+ 9.4 5.6 8.0
data from Dr. S. P. Yang, L.S.U. Department of Home Economics
^Chemical and Engineering News, p. 47 (Jan. 9, 1967).
c
Personal Communication to S. P. Yang.
^Lake State Division, St. Regis Paper Company, Rhinelander, Wisconsin.
eR. J. Block and K. W. Weiss, Amino Acid Handbook, (1956).
*Not reported or specified.




Jones & Foster salt mixture 4
Vitamin-sucrose mixture 1
*a1i dietary modifications were made at 
the expense of cornstarch.
Table V-8. Growth Data of Male Weanling Rats Fed Ad LibituH
Various Experimental Diets for 10 Days (8)
Weight Gain, Food Intake,
Group No. Trea tment g/10 days g/10 days
1 Protein Free - 8.1 39. 33
2 107, Casain 30. 3 83.90
3 10% L.S.U. Single 
Cell Protein^
- 3.1 56.8
4 10% L.S.U. Single 
Cell Protein plus 
0.3%, L-Methionine
3.1 62.91
5 20% L.S.U. Single 
Cell Protein
.0 57. 50




Six rats per group
2
Ce1lulomonas , sp., intact cells
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could be increased by homogenization of the cells prior to feeding.
No toxicity of the cells was found at any level fed. £at& fed 
at the highest level of protein replacement by cells (almost SZ2. 
of the diet by weight was Ce11ulomonas a Ingle-cell-protein) in fact 
showed the highest growth rate of all but the diet supplemented with 
casein.
Economic Analys is
An economic analysis was prepared for a projected plant pro­
ducing 10,000 tons per year cell product. The plant would uts* 
sugar-cane bagasse as primary raw material. A general flow diagram 
for the proposed unit is shown in Figure V-27, and Table V-9 is the 
material balance for the process. It was assumed that cell density 
in the fermenter could be maintained at 10 grams dry weight ceLLs 
per liter of media. The residence time in the fermenter was set at 
2 hours. All process stream mass flow rates were calculated ora the 
basis of 10,000 tons/year product, and sizing of equipment was done 
by combination of the mass flow rates with experimental operational 
data (with the assumed fermenter operating charade, istics a* stated 
above). Table V-10 is the process equipment list and capital ex­
penditure estimation. Processing costs are estimated and presented 
in Table V-ll. Cost comparison with comparable products is giiren 
in Table V-12. The estimated price of 6.7c/lb. compares well with 
cost data available on yeast produced from hydrocarbons.
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Process Equipment ar.d Capita 1 Expend iture
Unit Total
No. Description Number Cos t Cos t
G-2 Knife grinder, 30" width, 70 HP est. size to cut thru 1/3" screen 2 9,000 18,000
B-2 Blowers & Vac. pick-up from grinders - piping to cyclone,30 HP 2 4,000 8,000
C-2 Cyclones - feed to hopper * 2 1,500 3,000
3
Hopper, 250 ft , with twin outlet live bottom on each outlet 1 7,000 7,000
F-2 Heavy Duty screw feeder, 12" dia. screw-variable speed 2 7,000 14,000
NaOH storage tank - to store cel 1-effluent (87, NaOH, 167, Nad) ,
90,000 gal,, rubber-lined steel 1 35,000 35,000
Slurry tank, with agitator - tn handle a 107. edlds slurry In
27. NaOH * jacketed r«r steam,2000 gal. 1 10,000 10,000
A solid-liquid separating device - dewatcring screw or equal 1 15,000 15,000
Indirect gas fired kiln 1 20,000 20,000
Reslurry and mix tank, jacketed for steam, agitated, 2000 gal. 1 12,000 12,000
Holding section for sterilization 1 4,000 4,000
Table V-10 (continued). Process Equipment and Capital Expend iture* - -





HE -1 Cooling heat exchanger and controls 1 12,000 12,000
T-4 HC1 storage tank, 10,000 gal., for 36.5% HC1, ss. clad 1 12,000 12,000
F-L Fermenter and support eqpt. stainless steel, 63,000 gal., 
jacketed & agitated 1 120,000 120,000
MS-1 mixer settler for cellulose removal, 80' dia., 64 
2 hr. res. time, cement
,000 gal.,
1 65,000 65,000
FI-1 Continuous drum, vac. filter to sep. cellulose 1 15,000 15,000
T-5 pH adjust tank, agitated, ss clad., 1,000 gal. 1 8,000 8,000
MS-2 Mixer-settler for cell removal 100' dia., 144,000 
cement, 6 hr. res. time
gal. ,
1 85,000 85,000
D-l Drum dryer for cell drying 1 20,000 20,000
B-l Bagging and bag closure 1 2,400 2,400
P-l NaOH pump to T-l, 1/2 HP cent. 1 700 700
P-2 Slurry pump to S-l, 5 HP cent. 1 1,500 1,500
P-3 P-2000 pump, pos. dis. 1 1,000 1,000
Table V-10 (continued). Process Equipment and Capital Expenditure





p -l H^PO^ pump, pos. dis. 1 1,000 1,000
P-5 Thiamine pump, pos. dis. 1 1,000 1,000
P-6 Slurry pump from T-3, cent. 10HP 1 1,500 1,500
P-7 Slurry pump from F-l, 10 HP sterilizable 2,500 2,500
P-8 MS-1 overflow pump 1 800 800
P-9 MS-1 bottoms pump 1 900 900
P-10 MS-2 overflow pump 1 800 800
P-11 MS-2 bottoms pump 1 900 900
TOTAL PROCESS EQUIPMENT 500,000
















$/unit 3/hr c/lb cells
Cellulose^ Sugar-cane bagasse lbs. 14,000 0.003 >42.00 1. 72
NaOH2 Cell effluent (8% NaOH) lbs. 5,250 0.00024 1.26 0.0514
Phosphate^
H3P04 lbs. 154.9 0.06 9.30 0.379
Nitrogen^ Anhydrous Ammonia lbs. 238 0.025 5.95 0.243
4
HC1 36.5% HC1 solution lbs. 565 0.00073 4.12 0.168
Magnes Lum^ 
Potassium'’
Magnes ium-Potass ium 
sulfate (40% K SO 
55% MoS04) lbs. 545 0.0115 u * Z o 0.2552
Calcium^ 94% CaCl2 lbs. 28.3 0.02 0.57 0.0231
Thiamine"* Thiamine gms . 120. 5 0.0155 1.87 0.0765
Total Raw Materials: 71.35 2.9162
T ab le  V-ll (continued). Process and Manufacturing Costs
Processing: Units
Unit s 
hr $/un it ?/hr C/lb. cells
6
S te am  Mlbs. 72.4 0.40 28.96 1. 182
E le ct ri ci ty  KWH 336 0.01 3. 36 0. 137
Natural Gas 106 BTU L14 0. 20 22.80 0.930
Prucemt Wator M Ga 1, 30.H 0. 15 4.77 0.194 7
C o o l i n g  Water M Gal. 163.2 0.015 2.45 0.0100
TOTAL PROCESSING 62.34 2.4537





Table V-ll (continued). Process and Manufacturlog Cos t B
1. Bagasse requirement calculated as follows: Bagasse is 3070
carbohydrate of which 707, is metabolized by the bacteria.
Of the 357 of the bagasse metabolized one-half of it goes 
to cell tissue, and the remainder to CO2 and 1^0. The 
bagasse requirement, therefore, is 2,450 lbs. cells per hour 
devided by 0.175.
2. Cell effluent is 87, NaOH and 167„ NaCl. It is used in 27, by
weight NaOH concentration in T-L. The amount used is calcu­
lated from the weight percent moisture value of the solids 
leaving the solid-liquid separator (607,).
3. Phosphate and Nitrogen requirements are calculated as being 
equal to that amount of the material contained in the effluent 
cell product.
4. HC1 requirement is calculated as being the amount needed to
neutralize the NaOH not neutralized by the H^PO^.
5. The requirements for minerals are calculated from the concen­
trations used in the normal ce1lulomonas media.
6. Steam costs are based on usage of saturated steam generated 
at 600 psia.
7. Depreciation costs are based on a 10 year depreciation of the 
total capital investment of $1,538,000.
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Engineers (2) 20,000 2.31
Foreman 9,000 1.04
Operating Labor
2/shift @ $4.00/hr 8.00
(total 8 men)
Janitorial 5,000 0.58
Total Labor Costs $ 13.665
1366.5c/hr






Price of Product 
(cents/pound)
and Unconventional Protein^
P er cent Protein 
(percent)
Price of Protein 
(c e n t s/pound)
Conventional Protein Foods:
Wheat flour 5 12 42
Skim milk powder 15 36 43
Fish, dried.; 14 37 39
Cheese 32 24 133
Chicken 26 15 173
Beef 21 12 175
Eggs 24 11 211
Less Conventional Protein Foods:
Cottonseed flour 7 55 12
Soy protein flour 7 52 13
Fish Protein concentrate 12.5 85 14
Peanut cake 7 42 17
Table V-12 (continued). Cost of Conventiona1 and Unconventiona1
Price of Product Percent Protein









^all prices, except where noted, are from J. C. Abbott, 
Unconventional Protein, Santa Barbara, Calif., 1966.
^Wang, D.I.C., Chem. Engr., p. 99, August 26, 1968.
3
Data from this report.
Protein-*-
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CONCLUSIONS
This Investigation Is, to the best of the author's knowledge, 
the first to report the Integration of methods to continuously 
treat waste cellulose bearing materials to enhance their bio- 
degradabi 1 ity, to use these solid materials as substrate for cellu- 
lolytic bacterial growth, and to subsequently harvest the micro­
organism for use as single-ce11-protein, Several conclusions may 
be drawn from the data accumulated in this study:
1. The susceptibility of the cellulose in low-grade 
cellulosic wastes to enzymatic attack may be in­
creased by subjecting the cellulosic to a mild
alka1ine-oxidation treatment.
2. Cellulosic wastes may be treated on a continuous 
flow basis by slurrying them in a caustic solution 
containing an oxidation catalyst, separating the 
solids from excess liquid, and heating the sol’ds 
in a continuous oxidation oven with air injected 
onto the heated cellulosic in the oven.
3. AlkalIne-oxidatlon of sugarcane bagasse results 
In a decrease in the degree of polymerization of 
the cellulose, an increase in the amount of water 
soluble carbohydrate, and a partial removal of
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lignin, and physical re-arrangement of that re­
maining in the cellulosic.
If treated bagasse is left open to air at ambient 
conditions for several week3 a decrease in the 
degree of crystaIIinity of the cellulose occurs. 
Whole sugar-cane bagasse, after the aikaline- 
oxidation treatment, may be used as the sole 
carbon source for cellulolytic microorganisms 
of the species Ce1lu1omonas.
Pure cultures of Cellulomonas sp. need a certain 
initial level of soluble carbohydrate and yeaat ex­
tract in the media to prevent a prolonged lag phase 
growth period. Treated sugar-cane bagasse supplies 
all necessary soluble carbohydrate when fed in 
levels above 3.0 gms. of carbohydrate per liter 
of medium.
The Cellulomonas, sp. bacterium used in the fermen­
tation had mass doubling times of from 2 to 5 hours 
when grown on Solka Floe (200 mesh) supplemented 
with glucose and yeast extract (in small amounts). 
Pure Ce1lulomonas, sp. grown on Solka Floe supple­
mented with glucose and yeast extract had conver­
sion efficiency ratios (gms. cells/gm. carbohydrate 
metabolized) of from 0.274 to 0.442. A mixed cu l ­
ture (primarily Cellu1omonas) had a conversion
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efficiency ratio of 0.512 when grown on treated 
sugar-cane bagasse.
9. Pure Ce Llulomonas, sp. grown on Solka Floe supple­
mented with glucose and yeast extract had utiliza­
tion efficiency ratios (gms. carbohydrate metabo­
lized/ gm. carbohydrate fed) of from 0.623 to
0.690. A mixed culture (primarily Cellulomonas) 
had a utilization efficiency ratio of 0.643 when 
grown on treated sugar-cane bagasse.
10. Pure Cellulomonas grown on Solka Floe contained 
52.37, of dry weight crude protein (Nx6.25), and 
had an amino acid pattern that compared favorably 
(for nutritional value) with that of any other
single-ce11-protein whose amino acid data was 
ava ilab le.
11. Pure Cellulomonas single-ce11-protein grown on 
Solka Floe could be fed for a period of 10 days 
to weanling rats in concentrations of up to 827. 
by weight of their diets with no toxic effects.
The Cellulomonas had better nutritional value than 
a pseudomonas sp. produced in Taiwan from hydro­
carbons, but less value tuan casein. Methionine 
was determined to be the limiting amino acid.
12.. An economic analysis of a plant producing 10,000 
tons/yr. Cel lulomonas s ingle-ce 11-protein (507.
protein) from sugar -cane-bagasse showed a pro­
jected manufacturing cost of 6.697c/lb. product.
The cellulase enzyme system of Cel lulomonas seemed 
to be inhibited by a critical level of cellobiose.
The symbiotic growth of another organism (Alca1Igenea 
faeca1 is) prevented the cellobiose level from reach­
ing inhibitory levels, and permitted greater sub­
strate utilization.
RECOMMENDATIONS
During the course of this investigation several areas where 
further research would be fruitful and beneficial became apparent. 
The foremost of these are:
1. The possibility of using symbiotic growth of a mixed 
culture to alleviate enzyme inhibition, to promote 
growth rates, and to increase cell densities should 
be further defined. Critical levels of cellobiose 
in enzyme inhibition should be defined, and neces­
sary initial levels of thiamine and soluble carbo­
hydrate should be determined.
2. Microbiological investigation into possible cellu- 
lolytic mutants that would contain more protein, 
elucidate more enzyme, have faster growth rates,
or require a more simple media would be beneficial. 
Further study needs to be made on Cel lulomonas to 
determine whether the enzymes are extracellular, 
intramural, or attached to the cell wall.
3. The theoretical basis exists for construction of a 
mathematical model of bacterial population dynamics 
in a pre-substrate (cellulose) - substrate (soluble 
carbohydrate) - cell system. There is no evidence 
of such a model in the literature, and it is
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believed that necessary empirical data exists, or 
can be obtained, Cor construction of such a model. 
The application of more sophisticated control 
theory would be possible for the system on the 
basis of such a model.
4. A fermenter should be designed and constructed in 
which the cellulosic solids form the continuous 
phase. It would seem probable that mass transfer 
of oxygen would be improved, and that availability 
of substrate for enzyme attack would be Increased. 
The effects of fermentation under pressure on mass 
transfer of gassea should be investigated since
an increase in total pressure would result in a 
proportional increase in partial pressure of dis­
solved oxygen.
5. The effect of temperature and pH on the enzymatic 
activity of the cellulase should be studied and 
compared with the same effects on the growth rates 
of the Ce1lulomonas, sp. These data would be 
needed for the design of large production units.
6. Preliminary results indicate that essentially the 
same doubling time can be obtained with a draft 
tube fermenter as with a sparged-turbine-type 
fermenter. Future experiments should try to sub­
stantiate this conclusion, since it would be 
important in the economics and ease of processing.
A pre-ferraentation, enzymatic digestion of the cel - 
lulosic should be studied In hopes that the hydroly 
sis step could be partially accomplished before 
the feed enters the fermenter. This would then 
allcw the operating conditions of the fermenter to 
be set to optimize bacterial growth without con­
sideration of the enzymatic reaction.
Feeding studies should be started very soon on 
possible bacteria to be grown symbiotically with 
fie 1 lu 1 omonas to see if their presence in the pro­
duct will have any deleterious effect on the di­
gestibility of the protein product.
Preliminary experiments should be run in symbiotic 
cultures of certain yeast and other microorganisms 
with cellulomonas to see if chemicals might be 
manufactured from crude cellulosic wastes. These 
would include such organisms as Asperglllus niger, 
Lueconos toe , etc.
APPENDLX A 
-RAY DIFFRACTION PHOTOGRAPHS 
SAMPLE CALCULATIONS
196
ure A-l, X-ray Diffraction Photograph 











X-RAY DIFFRACTOMETER ADJUSTMENT 
AND SAMPLE PREPARATION
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X-Ray Pi f fractometer Adjustment:
A General Electric XR.D-5 machine was used for all x-ray dif­


















1. All samples ground through 3mm screen in Wiley mill.
2. 1 to 2 gms. of sample was placed in 1" round pel­
leting die (see Figure B-l). Pellets were all 
about 1/16" thick.
3. Sample was compressed for 10 minutes at 24,000 psi.
4. Sample was removed from die. It was placed between 
two sheets of filter paper between two ceramic 
blocks and allowed to dry overnight,
5. One side of sample was sprayed with clear varnish. 
Sample was allowed to dry overnight.
6. X-ray patterns were then obtained.
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Component Analysis - Sample Calculations
Sample: Treated Sugar Cane Bagasse
Weight of Sample Wet 200
Weight of Sample after 30 mln. Drying 116
Weight of Water Evaporated 83
Calculated 7» Free Moisture 41
Water Extraction and Neutralization:
Moles Acid added to Neutralize 2 0
Liter Solution
Calculated NaOH present in Treated
Sample ' 15
Filter Cake Drying:
Weight of Cake + Filter Paper
and Filter-aid 99
Weight of Filter Paper and Filter-aid 51
Weight of Bagasse after Water
Extraction 4 7
Insoluble Carbuhydrate:
Crams Insoluble Carbohydrate in
Extracted Bagasse (measured by
phenol-sulfuric acid method modified
for insoluble carbohydrate as given
below) 36
Soluble Carbohydrate:
Crams Soluble Carbohydrate from 
Bagasse Extraction (measured by 
pheno1-sulfuric acid method as
given below) 6.














Calculated Other Material Insoluble 
by Extraction 10.90 gms.
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APPENDIX D 
PHENOL-SULFURIC ACID TEST FOR 
SOLUBLE CARBOHYDRATES
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Phenol-Sulfuric Acid Test for Soluble Carbohydrates 
Montgomery, R. , B loch irn. Bi oph-rs . Ac ta . 48, 591, (1961)
The phenol-sulfuric acid colorinetric method of Montgomery 
was used for the quantitative detemlnation of carbohydrates In 
solution. The procedure was as follows:
1. 10 ml. of the liquid san^»le for which the concentra­
tion of soluble carbohydrates was to be determined 
was centrifuged at about V M Q  a gravity in a DeLaval 
Gyrotester for five minutes. This cleared the 
sample of all insoluble matter.
2. A sample of the supernate was drawn off the top of 
the centrifuge tube with a pipette and drained into 
a 16 x 125 mm test tube. The size of this aliquot 
was either 2.0 ml., 1.0 ml., or 0.2 ml. depending 
on the actual soluble carbohydrate concentration.
If the sample contained 0-54) ppm soluble carbohy­
drate 2,0 ml. of sample was osed. For 50-100 ppm 
10 ml. was used, and for any carbohydrate concen­
tration above 100 ppm, 0.2 nl. sample was used.
3. Distilled water was added as necessary to bring the
solution in the test tube to 2.0 ml.
4. 0.1 ml. of phenol solution ( by weight phenol in
distilled water) was added to the test tube.
5. 5.0 ml. of concentrated, reagent grade l^SO^ was 
pipetted into the solution in the test tube. The 
acid was added quickly enought to ensure mixing of
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the contents of the tube, but not too quickly as to 
result in boiling or spattering of the liquid in 
the tube.
6. The tube was allowed to sit at ambient conditions 
for 30 min. for color to develop. The initial tem­
perature of the contents after acid addition was
about 110°C. The color was stabLe for 3 hours.
7. The optical density of the soLution was measured 
in a glass cuvette of 1 cm. light path with a 
Beckman spectrophotometer at 489 mp,.
8. A blank with distilled water in place of sample 
was prepared in the sample manner, and its O.D. 
determined to correct for absorption due to reagents.
9. All samples and blanks were run in duplicate. An 
average of the two duplicates was used as the 
experimental value.
10. The O.D. of the reagent blank was subtracted from
the O.D. of the sample. T^e resulting value was
compared with standard curves (Figures D-l, 2, and 
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PHENOL-SULFURIC ACID TEST FOR 
INSOLUBLE CARBOHYDRATES
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Pheno1-Su1furic Acid Test for Insoluble Carbohydrates
The phenol-suLfurIc acid test for Insoluble carbohydrates is 
a modification of the Montgomery colorimetric test for carbohy­
drates in solution. It is a colorimetric test that quantitatively 
determines grams carbohydrate per gram sample for any solid carbo­
hydrate containing material. The procedure is as follows:
1. Solid samples to be tested were dried for 24 hours 
in a vacuum oven at 90c'C and 25 mm Hg vacuum with 
a small air bleed.
2. 10-15 mg. of the dry sample was weighed into a 16x 
125 mm pyrex test tube. The *■ \a :t weight was re­
corded .
3. 2 ml. of distilled water was added to the material 
in the test tube.
4. 0.2 ml. phenol solution (80% by weight phenol in 
distilled water) was added to the test tube.
5. 10 ml. of concentrated, reagent grade sulfuric 
acid was pipetted into the test tube. The speed
of acid addition was slow enough to prevent boiling 
or spattering of the liquid in the tube, but fast 
enough to thoroughly mix the contents of the tube.
6. The tube was allowed to stand for 30 min. for color 
to develop.
7. 1.0 ml. of the solution was transferred into a clean 
16x125 mm test tube and diluted to 6.0 ml. with
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distilled water. The contents of the tube were 
mixed thoroughly by swirling.
8. The optical density (O.D.) of this solution was
measured in a cuvette of 1 cm. light path in a
Beckmar^ spectrophotometer at 489 mp,.
9. A distilled water blank was prepared as above, but 
solid sample was left out. The O.D. of the re­
agent blank was measured in as in Step 8.
10. The O.D. of the reagent blank was subtracted from
the O.D. of the sample. The resulting value was
compared with a standard curve (Figure E-l) for 
determination of milligrams of carbohydrate in the 
original solid sample.
11. The value obtained from Step 10 was divided by the 
original sample weight recorded in Step 2 to obtain 
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mg. carbohydrate
Figure E-l. Phenol-Sulfuric Acid Test for 
Insoluble Carbohydrate - Standard Curve
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Assuming the growth kinetics of the culture during log phase 
are the same as that of a first order autocatalytic reaction, the 
rate equation may be written as:
k t 1
C = C e (1)o
where:
Cq = concentration of organisms at any time _t, 
provided t is in the log phase 
C = concentration of organisms at any time
t + At > provided t + At is in the log phase
t 1 = (t + At) - t
k = first order growth rate constant
Equation (1) may then be written:





Now if C is set equal to 2Cq (mass doubles), then ^t becomes 
the time necessary for mass doubling (tm(j).
Thus:
In 2C /C i t  n fcoo o  In 2 0.69





F E RM K NT A TI ON RUN ANALYSIS SHEET - 1 DATE: January 10, 1968
RUN NO. LSIJ- 1_______  ; VOLUME OF INOCULUM: 1 El ter______
VESSEL: LSU- Pilot Unit ■ VOLUME: 199.1 Liters
OPERATION: Cellulose iermentation
SUBSTRATE' TreaLed, whole sugar cane bagasse
ORGANISM: cellulomonas, sp. plus contaminants
AERATION RATE: 20 lit/min ; TEMPERATURE: 3^ c
TOTAL TIME: 143 hrs ‘ ; AGITATION: Aerat ion
FEED RATE: 0 ; WORKING VOLUME: 192.8 Liters
FERMENTER FEED ANALYSIS: 
COMPONENT
WEIGHT (GMS.)
SUBSTRATE 1 NUTRIENT SALTS
Bagasse (52.97, Free H2O) 3,850
NaCl from Feed 57 3
NaC L 5 70
(N!!4 )2 SOa 185
k h 2p o/+ 92. 5
k 2h p o4 02 . 5
MgSO/t 18. 5
CaC 12 18.5
Yeast Extract | 60
TOTAL WEIGHT CARBOHYDRATE: __________ 770_________   (GMS.) INITIAL






CARBOHYDRATE (GMS.) CELLS (GMS.)
Not Harv js t e d
PER CENT PROTEIN IN CELL FRACTION: _____ ™ ________
TOTAL WEIGHT CARBOHYDRATE :    FINAL
TOTAL WEIGHT PROTEIN: ~~~__________  FINAL
GMS. CARBOHYDRATE INITIAL: 770_________
GMS. CARBOHYDRATE FINAL: ~~ ~_________
GMS. CARBOHYDRATE METABOLIZED: ---__________
PRODUCTION EFFICIENCY RATIOS:
GMS. CELLS/GM. CARBOHYDRATE METABOLIZED =______ ---________
GMS. PROTEIN/GM. CARBOHYDRATE METABOLIZED = ---_________
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED *= ---
GRAPHICAL RESULTS:
MASS DOUBLING TIME (t ,): 2 1.6 HRS.md ----------------
(minimum during log phase growth)
GROWTH RATE CONSTANT (k): 0. 0319________ HRS.’1
(maximum during log phase growth)













(O.D, 0 560 itO
FEED RATE 
(LIT./HR.)
IB 0.5 38°C 7.0 20 -- 0.297 0
2B 7.5 31 -- 20 -- 0.398 0
3B 22 31 -- 20 -- 0.62 0
4B 25.5 31 -- 20 i _ . 0. 72 0
5B 30.5 31 -- 20 -- 0.81 0
6B 47 32 -- 20 -- 0 .94 0
7B 51 33 -- 20 1.071 0
8B 53.5 33 -- ' 20 -- 1.125 0
93 72 35 -- 20 -- 1.523 0
10B 76 35 -- 20 -- 1.523 0
11B 80 35 -- 20 -- 1. 523 0
12B 83. 5 35 -- 20 -- 1.523 0
I3B 94 34 -- 20 -- 1. 523 0
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FERMENTATION RUN DATA SHEET: RUN NO. LSU-I ; SHEET NO. 2
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE I(HRS.) °C pH (LIT./MIN.) | (MG./LIT.) (O.D. (a 560mu) (LIT./HR.)
14B 113.5 34 . . . 20 1. 52 3 0
15 B 143 34 . . . 20 . . . 1. 52 3 0
-
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FERMENTATION RUN ANALYSIS SHEET - 1 DATE: Kcbrxiary 19, 1988
RUN NO. LSU-2__________ ; VOLUME OF INOCULUM: 1 Liter_________
VESSEL: LSU-Pllot Unit. ; VOLUME: 199. 1 I.Iters______________
OPERATION: Cellulose fermentation ______ ________
SUBSTRATE: Treated, whole sugar cane bagasse
ORGANISM: ce1lulomonas, sp. plus contaminants.
AERATION RATE: 21 lit/min ; TEMPERATURE:
TOTAL TIME: 32-8 hrs • ; AGITATION: aerat ion
FEED RATE: 0 ; Working volume: 192.5 liters




:g m s .)
NUTRIENT SALTS
Bagasse (SO. 27, free H 2 O) 3 , 580
NaCl from feed 533
NaCl 500
(Nll/4)2S04 18 5
k h 2P04 92. 5
k 2h p o a 92. 5
MgS04 18. 5







TOTAL WEIGHT CARBOHYDRATE: 717 (GMS.) INITIAL






CARBOHYDRATE (GMS.) CELLS (CMS.)
Not Hnrve ; ted
T
PER CENT PROTEIN IN CELL FRACTION: ---________
TOTAL WEIGHT CARHOHYDRATE: ---___________ FINAL
TOTAL WEIGHT PROTEIN: _____ ^ _________ FINAL
GMS. CARBOHYDRATE INITIAL: 717_________
GMS. CARBOHYDRATE FINAL: ~~~_________
GMS. CARBOHYDRATE METABOLIZED: ___________
PRODUCTION EFFICIENCY RATIOS:
GMS. CELLS/GM. CARBOHYDRATE METABOLIZED - ______ ---
GMS. PROTEIN/C.M. CARBOHYDRATE METABOLIZED = ______ —
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED *=
GRAPHICAL RESULTS:
MASS DOUBLING TIME < t ) : 9.2__________ HRS.
(minimum during log phase growth)
GROWTH RATE CONSTANT (k): 0.075_______  HRS.”1
(maximum during log phase growth)




CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C pH (LIT./MIN.) (MG./LIT.) (O.D. 0 560 tn^ ) (LIT./HR.)
IB 0 26.2°C 7.0 20,9 ___ 0. 126 0
2B 5 30 ____ 21.1 _ _ _ 0. 148 ...
3B 9.1 30. 5 20.8 ___ 0.216 , --
4B 21.2 30.2 -- 21.5 --- 0. 702 ---
5B 23.2 31.3 21. 1 --- 0. 581 ~ -
6B 26.2 31.6 21 0.610 ---




FERMENTATION RUN ANALYSIS SHEET - 1 DATE: February 28, 1998
RUN NO. LSlI-3 ; VOLUME OF INOCULUM:
VESSEL: LSU-Pilot Plant . VOLUME: 194.1 Liters
OPERATION: Cellulose 1ermeutation
SUBSTRATE: Treated, whole sugar cane bagasse
ORGANISM* cellulomonas, sp, plus contaminants 
AERATION RATE: 21 U t ',|,'in
1 l i t e r
TOTAL TIME: 
FEED RATE:
9 1.9 hrs .
variable
; TEMPERATURE: 30°-32° C
; AGITATION: aeration
; WORKING VOLUME: 192.5 liters
FERMENTER FEED ANALYSIS:
WEIGHT (GMS.)
COMPONENT SUBSTRATE NUTRIENT SALTS
Bagasse (50.27, tree H2O) 3, 580
NaCl from feed 533
Na 01 820
(Nll/()2SOA 185




CaCl 2 18. 5
Yeast Extract 51
TOTAL WEIGHT CARBOHYDRATE: 717 (GMS.) INITIAL






CARBOHYDRATE (GMS.) CELLS (GMS.)
Not Harv s^ ted
PER CENT PROTEIN IN CELL FRACTION:-------- ---------
TOTAL WEIGHT CARBOHYDRATE: ---_________  FINAL
TOTAL WEIGHT PROTEIN: _______~ _______  FINAL
GMS. CARBOHYDRATE INITIAL: _________
GMS. CARBOHYDRATE FINAL: _____ ^ ________
GMS. CARBOHYDRATE METABOLIZED: _____ ---
PRODUCTION EFFICIENCY RATIOS:
GMS. CELLS/GM. CARBOHYDRATE METABOLIZED = ------ --
GMS. PROTEIN/GM. CARBOiTYDRATE METABOLIZED =------ --
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED =
GRAPHICAL RESULTS:
MASS DOUBLING TIME (t .) : 38.4 HRS.md -----------------
(minimum during log phase growth)
GROWTH RATE CONSTANT (k) : 0.01795_______ HRS.'1
(maximum during log phase growth)













(O.D. 0 560 m„)
FEED RATE 
(LIT./HR.)
IB 0 41°C 7.5 21 . . . 0.2612 0
23 2.5 39 7.4 21 0.3107 0
3B 7.0 35. 5 7.6 21 . . . 0.2717 0
4B 14 32 6.8 21
-
0.3516 0
5B 17. 5 32 6.9 21 0.3516 0
6B 22 32 7. 1 21 0.4101 0
7B 24 31 7.0 21 0.4089 0
8B 28 30 7.4 21 0.4318 0
9B 28 30 7.4 21 0.4559 0
10B 38.5 32 7.9 21 _ _ 0.5346 0
LIB 41.5 32 7.8 21 - * — 0.5498 0
12 B 48 32 7.9 21 -- 0.5 768 0
1C ^8. 5 31.5 7.2 21 -- 0.5935 43. 6
224
FERMENTATION' RUN DATA SHEET: RUN NO. L S U - 3 ; SHEET NO.
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C pH (LIT./MIN.) (MG./LIT.) (O.D. !? 560 (jv) (LIT./HR.)
2 C 49 30.5 7.6 21 ... 0.5086 45.6
3C 49.3 30 5.8 21 ... 0.4685 41.2
4 C 50 30 4.s 21 ___ 0.3716 41.5
5C 50.5 29 8.0 21 ... 0.3925 39. 7
6C 51 29 8.2 21 ... 0.3747 30. 1
7C 51. 5 29 7.2 21 • • • 0.3565 32. 1
_ .
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FERMENTAT1ON RUN ANALYSIS SHEET - I DATE: April 1, 1 ML8
RUN NO. LSU-4 ; VOLUME OF INOCULUM;




Treated, whole sugar cane bagasse
cel Hiloroonas, sp. plus contaminants
AERATION RATE: 














COMPONENT SUBSTRATE NUTRIENT SALTS
Bagasse (497„ free H7O) 4,920









TOTAL WEIGHT CARBOHYDRATE: 885 (GMS.) INITIAL
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CARBOHYDRATE (GMS.) CELLS (GMS.)
Harvested
Material balance no calculated
PER CENT PROTEIN IN CELL FRACTION:_______ __________
TOTAL WEIGHT CARBOHYDRATE: _____ “ ________ FINAL
TOTAL WEIGHT PROTEIN: ______ “ _______  FINAL
GMS. CARBOHYDRATE INITIAL: _____ “ ________
GMS. CARBOHYDRATE FINAL:  ~~ ~
GMS. CARBOHYDRATE METABOLIZED: _________
PRODUCTION EFFICIENCY RATIOS:
GMS. CELLS/GM. CARBOHYDRATE METABOLIZED = ----- --
GMS. PROTEIN/GM. CARBOHYDRATE METABOLIZED = ----- --
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED -
GRAPHICAL RESULTS:
MASS DOUBLING TIME (t ,) : 12.5 HRS.
end —   — —  — ■— ■—
(minimum during log phase growth)
GROWTH RATE CONSTANT (k): ______ 0-0551 HRS.'1
(maximum during log phase growth)
FERMENTATION RUN DATA SHEET: RUN NO. LSU-4_______ ; SHEET NO.  1
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C ! pH (LIT./MIN.) (MG./LIT.) (O.D. (5 560 m^) (LIT./HR.)
IB 0 42.5°C 7.02 20. 3 -- 0.082 0
2B 5.5 38.5 7.0 20. 3 0.095 0
3B 13 35 7.2 20. 3 _ V — 0.107 0
4B 15.5 34.4 7. 1 20. 3 W V V 0.140 0
5B 19.5 34 7. 1 20. 3 • - — 0. 156 0
6B 26.25 33 7.2 20.3 __ 0.205 0
7B 30.75 32 7.2 20.3 - - . 0.220 0
8B 37. 5 31.5 6.85 20. 3 * — - 0.259 0
9B 40.5 32.2 6.8 20. 3 - . * - 0
10B 43.5 32 6.8 20 , 3 . * - 0.447 0
11B 50 32 6.65 20.3 __ 0.605 0
12B 53 32 6. 5 20. 3 __ 0.610 0
13B 61.5 38 ' 5.6 20. 3 — 0.935 0
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FERMENTATION’ RUN DATA SHEET: RUN NO. LSU-4_______ ; SHEET NO.  2
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C pH (LIT./MIN.) (MG./LIT.) (O.D. 0 560 mj (LIT./HR.)
1C 63 37 5.6 20. 3 0.830 26. 7
2C 64 36 7.1 20. 3 - - _ 0. 842 26.9
3C 65 35 6.9 20. 3 -- 0.810 22. 5
4C 66 34.5 7.9 20.3 --- 0. 760 27.0
5C 67 33.8 7. 1 20. 3 0.700 29.4
6C 68 33.2 7. 1 20. 3 0. 700 27.7
7C 69 33 6.95 20.3 --- ^ 0.660 26. 3
8C 70 32.5 7.2 20. 3 . . . 0.668 30.1
9C 71 32 7.0 20. 3 o cr> O 29.09





+ some spore forming contaminants
Substrate: sugar cane bagasse
Per cent Protein: < 207. *

























Total Sulfur Containing Amino Acids: 
Total Aromatic Amino Acids: 7.03
*Crude protein was low 
due to high cellulose 
content of cell fraction.
5.56 (?)
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FERMENTATION RUN ANALYSIS SHEET - 1 DATK: April 24, 1968
RUN NO. LSU-5 1 VOLUME OF INOCULUM:  1 Liter
194. 1 litersVESSKL: LSU-Pilot Unit ; VOLUME:___________
OPERATION:  Cellulose fermentation______________
SUBSTRATE: Treated, whole sugar cane bagasse
ORGANISM: cellulonionas, sp. plus contaminants
AERATION RATE: 34 lit/min ; TEMPERATURE: __
TOTAL TIME: 90. 25 hrs .__________ ; AGITATION: ____
FEED RATE: 0 _________ ; WORKING VOLUME:
32°C
aerat ion
1 9 1 . 9  lit er s
FERMENTER FEED ANALYSIS:
WEIGHT (GMS.)
COMPONENT SUBSTRATE NUTRIENT SALTS
Bagasse (37.57, free H^ ,0) 3,4 60
NaCl from feed 400
NaCl 500
( N H ^ S O ^ 194







TOTAL WEIGHT CARBOHYDRATE: 760 (GMS.) INITIAL
















A U (Inoculun .) — ---- 0
2B (Medium efore Inoculat ion) — 0.085 0
3B 0 38° C 7.03 3‘* — 0.088 0
48 7.75 33 7.1 34 . . . 0.112 0
5B 17.75 35.5 7.3 34 — 0. 310 0
6B 32.75 33.8 7.12 34 — 0.419 0
7B 45 32 6. 3 34 ---- — 0
8B 52.25 32.3 6.91 34 — 0.691 0
9B 56. 75 32 7.1 34
Flocuiat ion
nf rp  11s 0
10B 65.25 32 7.2 34 — 0
1 IB 69. 75 32.5 7.2 34 — ---- 0
12B 76.50 32 7.2 34 — ---- 0
13B 81.25 33 7.2 34 ---- ---- 0
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CARBOHYDRATE (GMS.) CELLS (GMS.)
Insoiuble 0 -- --
L iquor -- -- --
Cel Is 0 270 187
T
PER CENT PROTEIN IN CELL FRACTION: 1 3.3%_______
TOTAL WEIGHT CARBOHYDRATE: _____ ^ ________ FINAL
TOTAL WEIGHT PROTEIN: 9 7 • 2________  FINAL
GMS. CARBOHYDRATE INITIAL: _______^ _______
GMS. CARBOHYDRATE FINAL: ~~~________
GMS. CARBOHYDRATE METABOLIZED: _________
PRODUCTION EFFICIENCY RATIOS:
GMS. CELLS/GM. CARBOHYDRATE METABOLIZED = ~~ ~
GMS. PROTEIN/CM. CARBOHYDRATE METABOLIZED = _________;
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED *-
GRAPHICAL RESULTS:
MASS DOUBLING TIME (t ,) : 17 HRS.
e n d -----------------------------------------------
(ainiwura during log phase growth)
GROWTH RATE CONSTANT (k): 0.0406______ HRS."1
(■axian during log phase growth)
FERMENTATION RUN* DATA SHEET: RUN NO. LStM_______; SHEET NO. _________\_________
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) ®C pH (LIT./MIN.) (MG./LIT.) (O.D. @ 560itv) (LIT./HR.)




Run No. _____ I.SU-5_____
0rganism(8): ce 1 lu lomonas_______________
+ some spore forming contaminants
Substrate: sugar cane bagasse
Per cent Protein: 20.06
(Kjeldahl Nitrogen x 6.25)
Essent ial Amino Ac ids : (gms./lOO gins, protein)
Arginine 5.3 _______
Hist id ine 2.3
Isoleucine 6.0
Leucine 10.0












Total Sulfur Containing Amino Acids: 
Total Aromatic Amino Acids: ^ ^
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FERMENTATION RUN ANALYSIS SHEET - 1 DATE: May 23, 1968______
RUN NO. LSU-7_________ ; VOLUME OF INOCULUM: 20 I.itera______
VESSEL: LSU-Pilot Unit, ; VOLUME: 194.1 Liters________
OPERATION: Cellulose fermentation
SUBSTRATE: Treated, whole sugar cane bagasse
ORGANISM: cellulomonas, sp. plus contaminants.
AERATION RATE: 21 lit/min______. TEMPERATURE:_ 32°c________
TOTAL TIME: 1^0 hrs .____________ ; AGITATION:_______ aeration______
FEED RATE: 0 . WORKING VOLUME: 192.5 liters  ,   —  -----
FERMENTER FEED ANALYSIS:
WEIGHT (GMS.)
COMPONENT SUBSTRATE NUTRIENT SALTS
Bagasse (49.37, free H^O) 3,870










TOTAL WEIGHT CARBOHYDRATE: 774 (GMS.) INITIAL






CARBOHYDRATE (GMS.) CELLS (GMS.)
Data Not Ava ilable
PER CENT PROTEIN IN CELL FRACTION:-------- ---------
TOTAL WEIGHT CARBOHYDRATE: _____ ___________ FINAL
TOTAL WEIGHT PROTEIN: _______^11________ FINAL
GMS. CARBOHYDRATE INITLAL: ________
GMS. CARBOHYDRATE FINAL: ______ “ _______
GMS. CARBOHYDRATE METABOLIZED: ______ “ _______
PRODUCTION EFFICIENCY RATIOS:
GMS. CELLS/GM, CARBOHYDRATE METABOLIZED = ______ ---
GMS. PROTEIN/GM. CARBOHYDRATE METABOLIZED = ______
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED -
GRAPHICAL RESULTS:
MASS DOUBLING TIME (t d): ______ 2JS_______ HRS.
(minimum during log phase growth)
GROWTH RATc, CONSTANT (k): 0. 265______  HRS."1
(maximum during log phase growth)
FERMENTATION RUN DATA SHEET: RUN NO. LSI’-7 ; SHEET NO. 1
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C pH (LIT./MIN.) (MG,/LIT.) (guis . ./liter) 1 (LIT./HR.)
IB (I liter inocul u.n) 230 2.5 0
2B (20 liter inoculum) _____ 71 0.95 0
3B 0 34.8°C 7.1 21 848 <0.1 0
4B 7.25 34 7.16 21 767 <0.1 0
5B 32.5 32.1 7.0 21 564 0.40 0
6B 37.5 32.2 6.9 21 504 1.40 0
7B 45 32 6.9 21 430 2.0 0
8B 69. 5 32.8 6.56 21 461 2.65 0
9B 78.25 32. 5 6. 69 21 495 2.50 0
10B 90.25 32 6. 73 21 507 Floe Formed 0
11B 105 31.7 6. 98 21 530 -  ,  - 0
12B 116.75 31 7.08 21 525 ------ 0
I3B 138. 5 31.2 7. 39 21 52 7 ----- 0
2 
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FERMENTATION RUN DATA SHEET: RUN NO.  ; SHEET NO.
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C pH (LIT./MIX.) (MG./LIT.) (gms./liter) (LIT./HR.)






FERMENTATION RUN ANALYSIS SHEET - 1 DATE: Tune 19, 1 948
RUN NO. I.SU-8 VOLUME OF INOCULUM:  20 liters
VESSEL: ESU-Pllot Unit . VOLUME: 104. 1 1 iters_____________
OPERATION: cellulose fermentation
SUBSTRATE- treated, whole sugar cane bagasse
ce-llulomonas , sp. plus contaminants
AERATION RATE: 21 U t /min ; TEMPERATURE- 34 °C
TOTAL TIME: 96 hrs' ; AGITATION: aerat ion
FEED RATE: 0 ; WORKING VOLUME: 192.5 liters
FERMENTER FEED ANALYSIS:
WEIGHT (GMS.)
COMPONENT SUBSTRATE NUTRIENT SALTS
Bagasse (41.67, free I^O) 3,880
NaCl with feed 630
NaCl 800
< N V 2S04
144






TOTAL WEIGHT CARBOHYDRATE: 761 (GMS.) INITIAL






CARBOHYDRATE (GMS.) CELLS (GMS.)
Insoluble r\KJ 80. 7 19. 1
Liquor 126 18. 5 71.0
Cell Fract ion 0 46.4 160.0
PER CENT PROTEIN IN CELL FRACTION: 527,__________
TOTAL WEIGHT CARBOHYDRATE: 2 71.6 gms FINAL
TOTAL WEIGHT PROTEIN: 130.0 gms. FINAL
GMS. CARBOHYDRATE INITIAL:_______ 761________
GMS. CARBOHYDRATE FINAL: 2 71.6________
GMS. CARBOHYDRATE METABOLIZED: ________489,4
PRODUCTION EFFICIENCY RATIOS:
GMS. CELLS/GM. CARBOHYDRATE METABOLIZED = 0.512
GMS. PROTEIN/GM. CARBOHYDRATE METABOLIZED = 0-266
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED *=
GRAPHICAL RESULTS:
MASS DOUBLING TIME (t ,) : 2.5 HRS.
md -----------------
(minimum during log phase growth)
GROWTH RATE CONSTANT (k) :  CL 276______ HRS."1
(maximum during log phase growth)
FERMENTATION RUN DATA SHEET: RUN NO.  LSU-8 ; SHEET NO.
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C pH (LIT./MIN.) (MG./LIT.) f (gms/I it) (LIT./HR.)
IB (1 Liter inoculum) _  * ______ ______ -  -  - 0
2B (20 Liter inoculum) ______ 10 0. 35 0
3B 0 7.0 21 658 <0.1 0
4B 5.75 7.8 21 800 <0.1 0
5B 18. 50 7.3 21 615 0.80 0
6B 24.5 7. 6 21 522 1. 75 0
7B 42.5 7.35 21 545 2.40 0
8B 70.5 6.0 21 655 2.65 0
9B 72.25 6.8 21 705 2.65 0
10B 90.5 6.95 21 628 2.60 0
1!B 96 7. 1 21 625 2.60 0 0
■
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FERMENTATION RUN ANALYSIS SHHKT - 1 DATE: .inly 2 1 , 1908
RUN NO. N[,_1 ; VOLUME OF INOCULUM: 1 Liter
VESSEL: NtJW Brunswick . VOLUME: 10 Liters
OPERATION: Cellulose formonLat ion
SUBSTRATE: Solka Floe- purified cotton Hnfprs (7nn mpsiA
ORGANISM: cel1ulomonas, sp.
AERATION RATE: variable ; TEMPERATURE: 33" C
TOTAL TIME: 52.5 hrs. ; AGITATION: turbine - 600 RPM
FEKD RATE: _____ 0__________________ ; WORKING VOLUME: 10 Liters
FERMENTER FEED ANALYSIS:
WEIGHT (GMS.)












Trace Minerals 10 ml
Yeast Extract 5
TOTAL WEIGHT CARBOHYDRATE: 100 (GMS.) INITIAL






CARBOHYDRATE (GMS.) CELLS (GMS.)
Used for noculum
T
PER CENT PROTEIN IN CELL FRACTION:------ -- --------
TOTAL WEIGHT CARBOHYDRATE: ---_________  FINAL
TOTAL WEIGHT PROTEIN:    FINAL
GMS. CARBOHYDRATE INITIAL: ______ ~ _______
GMS. CARBOHYDRATE FINAL:----- -- ---------
GMS. CARBOHYDRATE METABOLIZED: -- -----------
PRODUCTION EFFICIENCY RATIOS:
GMS. CELLS/GM. CARBOHYDRATE METABOLIZED = --
GMS. PROTEIN/GM. CARBOHYDRATE METABOLIZED = ~~~
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED ■=
GRAPHICAL RESULTS:
MASS DOUBLING TIME (t ,) : 2.1 HRS.md -----------------
(minimum during log phase growth)
GROWTH RATE CONSTANT (k) : 0. 329_______HRS.'1
(maximum during log phase growth)
f e r n ’-' - : \t t an r un dat A SHEET: RUN NO. NB-1 ; SIR.hi NO. 1














(l i t . /lb.. )
IB 0 33°C 7.0 low ------------ 0
2B 14 33 8.4 high ------------- 14 0
3B 16.5 33 7.0 high ------------- 8 0
4B 18. 5 33 7.7 high 9 0
5B 20. 5 32 ------------ high -- 14 0
6B 22 32 -- high -- 9 0
7B 26.5 34 -- high -- 34.5 0
8B 34.5 34.7 7.0 high ------------- 134 0
9B 37 34 6.9 high -- 202 0
10B 38 34 6.9 high ------------- 275 0
11B 39. 5 35 5.6 high -- 650 0
12B 40.5 34 -- high -- 540 0
13B 42 34 --- high -- 710 0
FEPM-'NTATTQN RUN DATA SLEET: RUN NO. NB-l ; SHEET NO.
ACCEL DA 
TIME TEMPERA TUNE AERATION
SOLUiAE
CARLOLY.EAA CELL DEN’S ITY FELL RAIL
SAMP (Klett Units 





FERMENTATION RUN ANALYSIS SHKKT - 1 DATE: July 21. 1968
RUN NO. _____ NK-2_________ ; VOLUME OF INOCULUM:_______ 1 l iter______
VESSEL: New Brunswick ; VOLUME: 10 L i t e r s __________________
OPERATION:  Cellulose fermentation___________________________
SUBSTRATE: 200 mesh Solka Floe____________________________________
ORGANISM:  ee 11 ulomonas , sp.______________________________ ________
AERATION RATE:____variable_________; TEMPERATURE: 33°C_________
TOTAL TIME: ____ 69.25 hrs.________ ; AGITATION:  Turbine - jQO RPM
FEED RATE: 0__________________ ; WORKING VOLUME: 10 liters
FERMI-NTER FEED ANALYSIS:
WEIGHT (GMS.)
COMPONENT SUBSTRATE NUTRIENT SALTS
Solka Floe 100
NaCl 60





GaC I ^ 1
MkSO, 2
Trace Minerals 10 al
TOTAL WEIGHT CARBOHYDRATE: 100 (GMS.) INITIAL






CARBOHYDRATE (GMS.) CELLS (CMS^)
Not Harv :s ted
-
PER CENT PROTEIN IN CELL FRACTION: ~~~_________
TOTAL WEIGHT CARBOHYDRATE: _____ ^ ________  FINAL
TOTAL WEIGHT PROTEIN: _____________   FINAL
GMS. CARBOHYDRATE INITIAL:__________________
GMS. CARBOHYDRATE FINAL: ______ ™ _______
GMS. CARBOHYDRATE METABOLIZED: -- --------
PRODUCTION EFFICIENCY RATIOS:
GMS. CELLS/GM. CARBOHYDRATE METABOLIZED =----- --
GMS. PROTEIN/CM. CARBOHYDRATE METABOLIZED = ---
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED «=
GRAPHICAL RESULTS:
MASS DOUBLING TIME <t d): 3 .A_________ HRS.
(minimum during log phase growth)
GROWTH RATE CONSTANT (k): 0.2025 HRS.'1
(maximum during log phase growth)









CARBOHYDRATE CELL DENSITY 
(MG./LIT.) f (Klett Units)
FEED RATE 
(LIT./HR.)
IB 0 32 7.0 low -- -- 0
2iJ 14 32 7.0 low -- 22 0
3B 16.5 — -- low -- 15 0
4B 18.5 — -- low -- 10 0
5B 20.5 33 7.5 low -- 20 0
6B 22 33 -- low -- 17 0
7B 26.5 33 7.6 low -- 15.2 0
8B 34. 5 32 7.5 low -- 15
11 gms 
glucose add
9B 37 32 — low -- 15 0
10B 38 32 — low -- 25 0
1 IB 39. 5 32 7.6 low -- 25
600 RPM 
agltation
12 B 40. 5 32 — low -- 27 0
13 B 42 — , — low -- 30 0
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FERMENTATION' RUN DATA SHEET: RUN NO. NT3-2 ; SHEET NO. ____ 2
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C PH _ (LIT./MIN.) (MG./LIT.) (Klett Units) (LIT./HR.)
143 50 -- low - - - 23 ...
15B 60.2 5 32 -- low -- 38
16B 67.25 — -- low -- 174
17B 69.25 32 4.8 low -- 190 ...
251
FERMENTATION RUN ANALYSIS SHEET - 1 DATE: July 21, 1968
RUN NO. NB-3___________ ; VOLUME OF INOCULUM:  1 Liter
VESSEL: New Brunswick ; VOLUME: 10 Liters
OPERATION: Cellulose fermentation
SUBSTRATE: 200 mesh Solka Floe
ORGANISM: cellulomonas, sp.
AERATION RATE: variable ; TEMPERATURE: 32 °c
TOTAL TIME: 86.2 5 hrs. ; AGITATION: Turbine
FEED RATE: 0 ; WORKING VOLUME: 10 1 iters
FERMENTER FEED ANALYSIS:
WEIGHT (GMS.)
COMPONENT SUBSTRATE NUTRIENT SALTS
Solka Floe 100
NaCl 60
<NV ? S04 10
K1MPO, 52 4
K - H P O . 52 4
Mr S 0 4 2
CaCl 1
Trace Minerals 10 ml
i________  .
TOTAL WEIGHT CARBOHYDRATE: 100 (GMS.) INITIAL






CARBOHYDRATE (GMS.) CELLS (GMS.)
Not Harvi s ted
PER CENT PROTEIN IN CELL FRACTION: _______ ™ ______
TOTAL WEIGHT CARBOHYDRATE: _________ FINAL
TOTAL WEIGHT PROTEIN:   FINAL
GMS. CARBOHYDRATE INITIAL: _______ “ ______
GMS. CARBOHYDRATE FINAL:______---_________
GMS. CARBOHYDRATE METABOLIZED: ______ — _______
P R O D U C T I O N  E F F I C I E N C Y  R A T I O S :
GMS. CELLS/CM. CARBOHYDRATE METABOLIZED = --
GMS. PROTEIN/GM. CARBOHYDRATE METABOLIZED =------ --
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED =
GRAPHICAL RESULTS:
MASS DOUBLING TIME (t ,): 3.5 HRS.md ----------------
(minimum during log phase growth)
GROWTH RATE CONSTANT (k) : 0. 19 7______ HRS,‘l
(maximum during log phase growth)
















IB 0 32 7.0 low . . . ----
----
2B 14 32 - - - low . . . 19 •
----
3B 16.5 32 ---- low ---- 15 See Note 1
4B 18.5 ---- ---- low ---- 29 ----
5B 20.5 , - , ---- low ---- 37 ----
6B 22 32 7.4 low ---- 28 ----
73 26. 5 32 7.2 low ---- 86.5 ----
8B 34.5 32 6.9 med ium __ 290 ----
9B 36.5 — 6.9 med ium ■__ —
10B 37 — — med ium ---- 445 ----
11B 39. 5 — — med ium ---- 485 —
12B 40.5 32.5 6.4 med ium ---- 580 See Note 2
133 — — med ium ---- 560 —
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FERMENTATION RUN DATA SHEET: RUN NO. N3-3_______ ; SHEET NO.  2
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C (LIT./MIN.) (MG./LIT.) (Klett Units) (LIT. /HR.)
K B 62 -- med i um -- 550 --
15R -- - - - med t urn . . . 680 --
16R hi a s . . . med tum . . . J90 --
I7B 86.25 32 -- medIum -- 7 30 --
255
NOTES :
1. 20g yeast extract added at 16.5 hrs.
2. Agitation turned to 600 RPM at 39.5 hrs.
FERMENTATION RUN ANALYSTS SHEET - 1 DATK: July 23, 1968
RUN NO. 0R~1 ; VOLUME OF INOCULUM: Liters
VESSEL: 0RML ~ Pilot Unit. VOLUME: 325 Liter;
OPERATION: Cellulose fermentation
200 mesh Solka ElocSUBSTRATE:____________________
ORGANISM: ce1lulomonas, sp.
AERATION RATE: undetermined . TEMPERATURE: 3^°C
TOTAL TIME: 32.25 hrs. ; AGITATION: Turbine - 100 RPM
FEED RATE: 0 ; WORKING VOLUME: 300 Liters









k h 2po4 2 50
k 2h p o4 2 50
M rS0/+ f.O
CaCl 30
Trace Minerals 300 ml
G lucose 150
Yeast Extract 30
TOTAL WEIGHT CARBOHYDRATE: 450 (GMS.) INITIAL






CARBOHYDRATE (GMS.) CELLS (GMS.)
Insoluble 0 1 , 329 __
Liquor 83.0 —  — _
Cells _ . _ „ _ 640. 1
T
PER CENT PROTEIN IN CELL FRACTION:_____52.3%_______
TOTAL WEIGHT CARBOHYDRATE: 1.412 gms FINAL
TOTAL WEIGHT PROTEIN: 33 5 gms FINAL
GMS. CAR BO HYDRA IT: INITIAL: 3,750_______
GMS. CARBOHYDRATE FINAL: 1_,412_______
GMS. CARBOHYDRATE METABOLIZED: 2 , 338_______
PRODUCTION EFFICIENCY RATIOS-
GMS. CELLS/GM. CARBOHYDRATE METABOLIZED - 0-274
GMS. PROTEIN/GM. CARBOHYDRATE: METABOLIZED - 0- 144
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED ■=
GRAPHICAL RESULTS:
MASS DOUBLING TIME (t J): 5-2 HRS.
end •...........
(mininua during Log phase growth)
GROWTH RATE CONSTANT (k) : I32 _^_____  HRS.'1
(aaxiaua during log phase growth)
FERMENTATION RUN DATA SHEET: RUN NO. OR- ; SHEET NO. 1
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C pH (LIT./MIN.) (MG./LIT.) (Klett Units) 1 (LIT./HR.)
LB 6 Liter Inoculum Variable 1010 -  -  -
2B 300 Lite r Medium ------ Variable 667 _______ ^  -
3B 0 34 6.4 Var iable 692 -- --
4B 8 34 6.6 Variable -- 150 ------
5B 9 34 ------ Vai iable ------- 158 ------
6B 10 34. . ------- Variable 107 166 -------
7B 11 34 ------- Variable 120 200 -------
8B 12. 25 34 ------- Va r i a b 1 e 140 215 See Note 1
9B 13.5 34 ------- Va r ia b1e 113 265 ------
10B 14.5 34 8.3 Va r ia b1e 128 265 See Note 2
H E 15.5 34 8.2 Variable 120 290 -------
L2B 16. 5 34 8.1 Variable 137 315 -------




F E RM ENTATION RUN DATA SHEET: RUN NO. OR -1 ; SHEET NO, 2
ACCRUED SOLUBLE
TIME TEMPERATURE AERATION CARBOHYDRATE CELL DENSITY FEED RATE
SAMPLE (HRS.) °C pH (LIT./MIN.) (MG./LIT.) (Klett Units') (LIT./HR.)
14B 18. 5 34 7.35 Variable 141 440 See Note 4
15B 21 34 6.85 Variable 141 580 ■
16B 22.5 34 7.1 Var iable 232 650 See Note 5
17 B 32.25 34 6.5 Var iable 277 950
260
NOTES:
1. Added 3.5 liters of Solution A at 12,25 hours.
2. Added 3.5 liters of Solution A at 14.5 hours.
3. Added 5 liters of Solution A at 17.5 hours.
4. Added 4 liters of Solution A at 18.5 hours.
5. Added 14 liters of Solution A at 22.5 hours.
3000 gras . Sol ka Floe
30 liters H^O
60 gras . yeast extract
300 gma. glucose
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FERMENTATION RUN ANALYSIS SHEET - 1 DATE: -Inly 26, 1908
RUN NO. 0R~2______________; VOLUME OF INOCULUM:
VESSEL: ORNL - Pi lot Unit VOLUME: 325 Liters
OPERATION- Cellulose fermentation
SUBSTRATE' 200 mesh bolks Floe
ORGANISM* ce11u1omonas, sp.
AERATION RATE: undetermined ; TEMPERATURE: 30°C _ 3 4 ° c
TOTAL TIME: 80 hrs* ; AGITATION: Turb ine
FEED RATE: 0 ; WORKING VOLUME: 300 Riters
FERMKNTER FEED ANALYSIS: 
COMPONENT
WEIGHT
s u b s t r a t e
:g m s .)
NUTRIENT SALTS
Solka Floe 3 , 0 0 0
NaCl 1800
( " ' V 2 S04 300
KH..PO2 A 300
K„HPO.  
2 A 3 00
MgSO^ • 711^0 60
CaC I .j 30
Trace Minerals 3 0 0  ml
Glucose 150
Yeast Extract 30
TOTAL WEIGHT CARBOHYDRATE: ________3,150_____________  (CMS.) INITIAL






CARBOHYDRATE (GMS.) CELLS (GMS.)
Insoluble ---- 900 ,____,
L iquor 60 _ _ _
Ce 1 Is ---- - - - 960
PER CENT PROTEIN IN CELL FRACTION: 52.37,
TOTAL WEIGHT CARBOHYDRATE: 980 gms. FINAL
TOTAL WEIGHT PROTEIN: 520.5 FINAL
GMS. CARBOHYDRATE INITIAL: _____
GMS. CARBOHYDRATE FINAL: 980
3, 150
GMS. CARBOHYDRATE METABOLIZED: ,170
PRODUCTION EFFICIENCY RATIOS:
GMS. CELLS/GM. CARBOHYDRATE METABOLIZED = 0.492
GMS. PROTEIN/GM. CARBOHYDRATE METABOLIZED - 0. 240
GMS. CARBOHYDRATE METABOLIZED/GM. CARBOHYDRATE FED 0. 690
GRAPHICAL RESULTS:
MASS DOUBLING TIME (t ,) :md -— —---- -
(minimum during log phase growth)
16
GROWTH RATE CONSTANT (k):  ______





















IB 0 34 6.5 Variable ... 0
2B 3 . . . Variable 208 161 • --
3B 4.5 . __ ... Variable 208 170 ---
4B 7 ___ --- Variable 90 170 ---
5B 17 34 7.55 Variable 172 310 ---
6B 20 — — — 7.35 Variable --- 395 ---
7B 22 _ _ _ 7.2 Variable --- 405 ...
8B 26 - * - 7.0 Variable --- 420 ---
9B 29.75 30 6.9 Variable --- 500 ---
10B 33.25 30 6.8 Variable — — ---
11B 48 34 6.5 Var iable --- 650 ---
12B 56.75 — 6.73 Variable — 950 ---
13B 69.25 --- 6.7 Variable — 1000 ---
26
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CA R i/0. A ORA i  ■. 













C = Concentration of organisms at time = t (absorbance,
Klett units, gms/liter dry cell solids)
Cq =■ Concentration of organisms at time = (absorbance, 
Klett units, gms/liter dry cell solids)
C.I. = Crysta11 inity Index (per-cent)
D^ , = Jji V itro d iges tabil i ty of treated cellulosic (per-cent)
= lH v itro d iges tabil i ty of untreated cellulosic 
(per-cent)
F = Cellulose or fiber content of a cellulosic (per-cent) 
k = Cell mass growth rate constant (hrs. )^ (measured 
during log phase growth)
L = Lignin content of a cellulosic (per-cent)
O.D, = Optical density (absorbance, Klett units)
1* = Protein content of a cellulosic (per-cent)
r = Correlation coefficient for least squares fit of 
experimental data 
S = Nitrogen Free Extract content of a cellulosic (per-cent) 
t = lime (hours)
t , = Culture mass doubling time (measured during log phase
md
growth)(hrs.)
T = Refers to treated cellulosic 
U = Refers to untreated cellulosic 
























B,a ,b ,c ,d ,e ,f,g = Constants 
(3 = Denotes a trade name
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